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Abstract
A series of measurements of stable nickel isotopes were performed at the Aus-
tralian National University in Canberra. Excited states in 58,60,62Ni were populated
via inelastic scattering of proton beams delivered by the 14UD Pelletron accelera-
tor. Multiple setups were used in order to determine the structure of low-lying states.
The CAESAR array of Compton-suppressed HPGe detectors was used to measure the
(E2/M1) mixing ratio of transitions from angular distributions of γ rays. The Super-e
spectrometer was used to measure conversion coefficients for a number of Jpi → Jpi tran-
sitions. The data obtained from both devices was combined with previously measured
parent lifetimes and branching ratios to determine E0 transition strengths between Jpi
transitions. The E0 transition strength for the 0+2 → 0+1 transitions in 60,62Ni have
been measured for the first time through internal conversion electron detection. The
experimental value of 132+59−70 for
62Ni agrees within 2σ of the previous result obtained
from internal pair formation. However it is likely that the previous experimental results
used an outdated theoretical model for internal pair formation emission. This work
also represents the first measurements of E0 transition strengths between 2+ states in
Ni isotopes. There is generally large E0 strength between the 2+ states, particularly in
the 2+2 → 2+1 transition, however there is also a large uncertainty in the measurements
owing to the difficulties involved in measuring conversion coefficients. In 62Ni, the E0
transition strength of 172+62−77 for the 2
+
2 → 2+1 transition gives further weight to the
argument against the spherical vibrator model, as an E0 transition is forbidden if there
is a change of only one phonon. The large measurement also indicates the presence
of shape coexistence, complementing the recent experimental work carried out in the
neutron-rich Ni isotopes.
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Chapter 1: Introduction
The strength of an electric monopole (E0) transition can act as a probe into the
structure of nuclei, particularly as these transitions are sensitive to the presence of
shape coexistence [1]. Despite this, the number of these measurements is quite low
owing to the complicated nature of the experiment and the many sources of back-
ground that it presents. Nevertheless, over the years there has been an improvement
in the detectors used for electron and positron detection, ultimately leading to interest
in the neutron-rich nickel region. For example, the measurements of the E0 transi-
tion strength in 68Ni [2], and the energies of the 0+ states in 70Ni [3], has led to an
interpretation of shape coexistence in this region.
1.1 E0 Transitions
Following a nuclear reaction, nuclei can be left in excited states. An excited
nucleus can decay to its ground state configuration via a cascade of transitions, emitting
energy either as photons or through the emission of particles. The emitted radiation
carries away angular momentum equal to the vector difference between the initial and
final spins of the states. If the decay proceeds via the emission of a γ ray then at least
one unit of angular momentum must be carried away. Thus, if the transition is between
two 0+ states there is no change in angular momentum, and hence single-photon γ ray
emission is forbidden [4]. Instead, such transitions occur through alternative processes
such as internal conversion, internal pair formation or two-photon emission [5–7]. If
there is no change in angular momentum or parity in an electromagnetic transition
then it is known as an electric monopole (E0) transition. E0 transitions can also occur
between any Jpi states where Jinitial = Jfinal and piinitial = pifinal.
The strength of an E0 transition, ρ2(E0), is rather sensitive to the underlying
structure in a nucleus. The ρ2(E0) values are directly related to the mixing strength
and degree of deformation difference between states, which can be useful for an inter-
pretation of shape coexistence [8, 9]. The measurement of an E0 transition can also
be used as a test of various nuclear models where selection rules are placed on E0
transitions such as the quadrupole rotor or quadrupole spherical vibrator models [1].
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The interpretations of shape coexistence come from a number of experimental
methods. One such method is through the determination of electric quadrupole (E2)
matrix elements, and subsequently quadrupole moments, from the GOSIA code using
experimental branching ratios, mixing ratios and lifetimes of states as an input [10].
Using the computed information the shapes of states can be determined. This method
has been used to determine shape coexistence in 74,76Kr [11], 96,98Zr [12] and 98Mo [13],
for example.
In such an interpretation, the E0 transitions are often not utilized despite be-
ing so closely linked to changes of shape in the nucleus. This is often due to the
difficulty of making E0 measurements in comparison to γ-ray measurements from E2
transitions. The relative ease of γ-ray measurements is partially due to the recent
technical advancements in High-Purity Germanium (HPGe) detectors that lead to a
wide range and number of germanium-semiconductor based γ-ray spectrometer arrays
(e.g. the Gamma-Ray Energy Tracking Array (GRETINA), Gammasphere, and the
Gamma-Ray Infrastructure For Fundamental Investigations of Nuclei (GRIFFIN) ar-
ray [14–16]). The difficulty in making measurements of E0 transition strengths is
partly owed to the difficulty in measuring electrons in the face of a variety of back-
ground sources, and partly due to the fact that the necessary experimental values
including branching ratios, lifetimes and mixing ratios can rarely all be determined
using a single experimental setup.
The discrepancy in our knowledge of E0 and E2 transition strengths is reflected
in Figure 1.1, which compares the published literature E2 transition strengths, B(E2),
(where known) for the 2+1 → 0+1 transition [17] against the reported ρ2(E0) values in
the 0+2 → 0+1 transitions [5]. The B(E2) values are specified in Weisskopf units (W.u.),
which are based on single particle estimates of the transition. The ρ2(E0) values are
dimensionless but are usually on the order of 10−3, so they are displayed in milliunits.
The review of B(E2) values was made in 2016 and compiles data from 447 individual
even-even nuclear species; 117 more than the review in 2001 [17, 18]. The last review
of ρ2(E0) values for 0+2 → 0+1 transitions was made in 2005 that included 144 values,
and for non-zero Jpi → Jpi transitions in 1999 where 41 values are listed [1, 5]. It is
difficult to comment on the number of measurements made in the years following as
they can often be overlooked (e.g. Evaluated Nuclear Structure Data Files (ENSDF)
do not list half of the values made in the 2005 review). By parsing details of even-even
nuclei from ENSDF it can be seen that there are potentially up to an additional 200
ρ2(E0 : Jpi → Jpi) values that can be calculated from existing data [19], making a total
of up to 385 values.
From looking at the B(E2) values in Figure 1.1 it is clear to see nuclear structure
effects such as the closed shells (that are also shown by the grey dashed lines) and the
increasing B(E2) values as one moves towards the mid-shell regions. In comparison, it
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is a lot harder to confidently describe trends from the ρ2(E0) values due to the lack of
statistics. It is clear that, in order to get a better picture of the role of E0 strengths,
more measurements must be made.
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Figure 1.1: A comparison of even-even nuclei between (left) the known B(E2) values
between the first 2+ and ground state as of 2016 [17], and (right) the known ρ2(E0) values
for the first excited 0+ to the ground state as of 2005 [5].
1.2 Electron Spectrometers
The strength of an E0 transition can be determined through measuring the
branching ratio and parent half-life. The determination of the branching ratio re-
lies on detecting one of the decay processes from the excited states. Out of the possible
alternative decay processes to γ-ray decay that have been observed, double γ-ray (γγ)
decay is one of the rarest. The two-photon emission has only been observed in three
nuclei with an upper limit on the branching ratio of ∼10−4 [7, 20, 21]. Therefore, the
vast majority of the work in investigating E0 strengths comes from looking at either
internal pair formation or internal conversion.
During the process of internal pair formation decay (also known as pi-decay),
an electron-positron pair is created and carries away the transition energy minus the
creation energy of the particles, thus the energy of the transition must exceed 1022 keV.
Both the electron and positron must be detected simultaneously and their energies
summed before the pairs can be counted, from which the strength of the E0 transition
can be determined. Though it depends on the multipolarity of the transition, the
separation angle between the pair of particles is often small, and the energy sharing
between the particles is similar [6]. Spectrometers designed to measure pi-decay utilize
a multi-detector setup for simultaneous detections and often use a magnetic field for
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improved detection range [22]. The Super-e spectrometer at the Australian National
University is designed for this purpose and is currently being used to investigate the
radiative width of the Hoyle state by looking at the pi-decays from this 0+ state [23–25].
The Super-e device can also be adapted to look at internal conversion and so the device
has recently been used to investigate the nuclear structure of 189Pb, 209Fr and 171Tm
by measuring the internal conversion coefficients along with the γ-ray decay [26–28].
Internal conversion is a simpler process to investigate as only orbital electrons are
emitted. In this process, the energy of the deexcitation goes into emitting one of the
orbital electrons with an energy equal to the transition less the electron binding energy.
Spectrometers designed to measure these electrons usually have a single large detector
and often utilize a magnetic field for transportation. The magnetic field is created
in one of two ways. The first type is created with a solenoid magnet [29–33], which
produces a magnetic field that is normal to the target and detector. The negatively
charged electrons thus orbit around the central magnetic axis in a helical motion as they
are transported to the detector. The downside of this is that any positrons created
in β+ decay or pi-decay, for example, will also be transported towards the detector
but orbit in the opposite helical direction. To counteract this, it is possible to place
an axial baﬄe between the detector and target that blocks the path of positrons but
not electrons. SAGE, located in the JUROGAM II array in Jyva¨skyla¨, is one of the
most efficient conversion electron spectrometers that utilizes a solenoid magnet, with a
maximum absolute efficiency of 6 % at 150 keV [33]. The SAGE device has only recently
been commissioned but it has been used to determine internal conversion coefficients in
152,154Sm and 166Yb [34]; confirm previous literature values in 194Po [35], and to confirm
multipolarities of transitions within 253No [36].
The alternative method of creating a magnetic field is through the use of perma-
nent magnets situated close to the target position and detector in a compact arrange-
ment. The permanent magnets create a toroidal field which focuses the conversion elec-
trons onto the detector whilst rejecting positrons into the opposite direction [37–42].
These devices are often referred to as mini-orange spectrometers; their compactness
allows for a closer distance between a HPGe detector and the target when combined
with a γ-ray spectrometer. A new spectrometer of this type has recently been con-
structed and commissioned at TRIUMF; the SPICE spectrometer is designed to fit
inside the TIGRESS array for experiments with radioactive ion beams. SPICE has a
simulated peak efficiency of 19 % at 400 keV [43] and will begin its campaign of experi-
ments by looking at the phenomenon of shape coexistence within neutron-deficient Kr
isotopes [44].
There are also combinations of these field types in order to optimise electron
transportation, such as the one located at the University of  Lo´dz´ in Warsaw [45].
There are permanent magnets situated close to the target which select an energy range
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of electrons that are then transported to the detector by a solenoid magnet. The
device is optimised such that the permanent magnets direct the electrons into the
uniform magnetic field normal to the detector, which is achieved for a wide range of
energies [45,46]. The device has recently been used to investigate the 8− isomeric state
in 130Ba [47].
There are also conversion electron spectrometers where no magnet field is em-
ployed, which makes the device very compact. The downside to this setup is the
efficiency is simply related to the thickness of the detector and the solid angle from
the target. One example of this setup is the PACES [48] array that sits inside the
new GRIFFIN decay setup at TRIUMF [16], and sat in the 8pi detector that GRIF-
FIN recently replaced [49]. This decay setup has been used to investigate the nuclear
structure of a number of nuclides, such as 110Cd, from the combined spectroscopy of
γ rays and conversion electrons [50]. Another new setup for measuring conversion
electrons without the use of a magnetic field is SPEDE at ISOLDE but is still under
development [51,52].
1.3 Nickel Isotopes
There has been a lot of interest in this region owing to the closed proton shell
and doubly-magic nuclei 56Ni28 and
78Ni50. The robustness of the N = 50 shell closure
around Z = 28 is a key question in the study of neutron-rich nuclei with significant
implications also for nuclear astrophysics [53]. A selection of the low-energy systematics
of the even-even isotopes is shown in Figure 1.2. The states for the heavier nuclides are
not shown as they are unknown, due to the difficulty of experiments with such neutron-
rich isotopes. The expected sudden drop in energies as one moves away from the
doubly-magic nuclei 56Ni28 can be seen. There is also a slight increase at N= 40 which
has been suggested as another magic number owing to the sub-shell closure [54, 55].
Out of all of the even-even Ni isotopes shown in Figures 1.2 and 1.3, 58,60,62,64Ni are
stable. 56Ni is the lightest doubly-magic N = Z nucleus that is not stable. There has
been previous experimental work in determining the ρ2(E0) values between 0+ states
in 58,60,62Ni [56, 57]. Both of the previous two experiments were done with a (p, p’)
reaction on the stable Ni isotopes and the E0 transition strengths were determined by
looking at the electron-positron pairs emitted in pi-decay. There has been no previous
work in determining the E0 strengths between 0+, or any non-zero Jpi, states in these
nuclides through the measurement of conversion electrons.
A summary of the previously determined E0 strengths in these Ni isotopes is
shown in Figure 1.4. The spin assignment of the 0+ states are deduced from either E0
observations or through (3He, n) [58,59], (6Li, d) [60,61] and (16O, 12C) [62] reactions.
In such reactions a proton pair is transferred from the incident particle into the target
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Figure 1.2: Excitation energy systematics of the first two 0+ and 2+ states of the even-even
Ni isotopes between the doubly-magic nuclei 56Ni and 78Ni.
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Figure 1.3: A chart of nuclides in the region of the stable Nickel isotopes. The stable
isotopes are shown in the white boxes along with their relative abundance, whilst the β+/
and β− decaying isotopes are shown by the red and blue boxes respectively.
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nucleus, transferring an angular momentum L, therefore the 0+ states are identified
by comparing the angular distribution of the ejected particles for L = 0 transfer to
the calculated distributions from kinematics. The region of stable Ni isotopes is a
particularly interesting area where there are relatively high E0 strengths between the
0+ states and yet 58Ni contains one of the lowest measured ρ2(E0) values [5]. Warburton
et al. [57] suggests that this low E0 strength arises from the fact that the two neutrons
outside of a doubly-magic core remain in the major shell comprising the 1f7/2, 2p3/2,
2p1/2, and 1f5/2 orbits. The strength of the E0 matrix operator is, to first order, reliant
on transitions between major shells.
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Figure 1.4: The previous experimental results of the E0 transition strengths in the stable
nickel isotopes, 58,60,62Ni. There has been no such work in 64Ni [1, 56,57].
There is a considerable lack of E0 transitions measured between spin/parity 2+
states across the entire chart of nuclides; none have been measured in the Ni isotopes.
As the E0 strength is closely related to the change in shape of a nucleus there is a
genuine need for values of this sort to be measured. Determining the E0 strength be-
tween 2+ states has the requirement for the experimental determination of a number of
quantities, often requiring different experimental setups. The experimental quantities
include the E2/M1 mixing ratio, the parent state half-life and the transition branching
ratios which are often taken from literature values.
It is therefore important that each previous experimental value is accurate in
order to determine an accurate ρ2(E0) value. Discrepancies in the data must then be
considered prior to an analysis. For example, the 826 keV 2+2 → 2+1 transition in 60Ni
has an evaluated (E2/M1) mixing ratio of +0.9(3) [63], but the averaged value from all
of the previous experimental data is +0.55(27), shown in Figure 1.5. This evaluation
comes from the measurements of +0.67(21) from angular distribution measurements
with a (p, p’γ) reaction [64] and +1.2(3) from angular correlations following the electron
capture decay of 60Cu. There have been other measurements of this mixing ratio
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where there is very poor agreement, such as the value of +0.03+0.01−0.25 obtained from
angular distribution measurements of a 56Fe(7Li, p2nγ) reaction [65]. It is clear that
the mixing ratio of this transition must be confirmed through an additional angular
correlation or distribution measurement before a ρ2(E0) value can be determined.
There is also concern regarding the half-life of the 2+2 state in
60Ni. In 1969, Torizuka
et al. [66] determined the half-life of this state to be 0.59(17) ps by measuring the B(E2)
values from inelastic electron scattering. Since then there has only been one additional
measurement that set a lower limit of 1.0 ps [67]. This seemingly small discrepancy in
the half-life of a state can have a very large impact on the final E0 transition strength.
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Figure 1.5: The previous experimental data for the (E2/M1) mixing ratio of the 826 keV
2+2 → 2+1 transition in 60Ni [64, 65, 67–71]. The average and error is determined by the
Limitation of Relative Statistical Weight (LRSW) technique [72] and shown by the blue
lines.
Chakraborty et al. [73] have recently reviewed the evidence of whether 62Ni is a
spherical vibrator, as the 0+2 , 2
+
2 and 4
+
1 states are indicative of being the two-phonon
triplet due to their B(E2) values and energies. They performed a 62Ni(n, n’γ) reac-
tion and compared experimental B(E2) values to theoretical values for the harmonic
vibrator model. The results were also compared to shell model calculations carried
out in the fp model space with a 40Ca core and using the ‘GXPF1A’ interaction. In
order to perform the calculatons in a reasonable time, the model space was further
reduced by only allowing four proton and six neutron excitations from the 1f7/2 or-
bit. Chakraborty et al. measured the B(E2 : 2+1 → 0+1 ) for the transition between
the suspected one-phonon state and ground state to be 12.1(4) W.u., to which the
vibrator model is normalized. However, they also measured the B(E2 : 2+2 → 2+1 )
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value for the transition between the suspected two-phonon and one-phonon states to
be 12.5+3.8−3.2 W.u., which is half of the vibrational model theoretical value of 24 W.u.
(twice the the strength of the one-phonon to ground state [74]). The experimental
B(E2) values compared well to those from the shell model calculations, which were
calculated by setting the effective charges of the protons and neutrons to 1.5 e and
0.5 e respectively. Ilie & Casten [9] mention that in the Interacting Boson Model, an
E0 transition would be forbidden in the U(5) limit of a spherical vibrator.
Recently, Suchyta et al. [2] have investigated the 0+2 state in
68Ni from the β
decay of 68Co. By implanting the 68Co into a germanium double-sided strip detector,
the position of each ion and β-decay electron could be determined [75]. Suchyta et al.
determined that the energy of the 0+2 state is 1605(3) keV and the ρ
2(E0)× 103 value
for the 0+2 → 0+1 transition is 7.6(4). Shell model calculations were also performed with
a number of interactions in the fpg model space, whilst restricting proton excitations.
Consequently, the shell model calculations did not reproduce the excited 0+ states as
well as interactions that do allow for proton excitations. By comparing the experimen-
tal data to shell model calculations, they suggest that the ground state is spherical and
the 0+ states within 3 MeV above it have either oblate or prolate deformation. There
has also been recent work in 70Ni from the β decay of 70Co where a new 0+ state was
identified at 1567 keV, agreeing with their theoretical predictions [3]. These results
provide strong evidence of the presence for shape coexistence in this region.
Tsunoda et al. [76] performed large scale shell model calculations across the Ni
isotopes but focusing on the heavier 68−72Ni region. The model space used for the
calculations included the full pf shell along with the 0g9/2 and 1d5/2 orbits for both
protons and neutrons, with no truncations. The calculated low-lying 0+ and 2+ states
agreed fairly well with experimental data along all isotopes and the B(E2) values were
well reproduced for the lighter Ni isotopes. Tsunoda et al. focused their theoretical
results on the shape evolution of the heavy Ni isotopes. For example, the neutrons
occupy more of the g9/2 orbital in the
68Ni 0+3 state, reducing the energy gap between
the proton f7/2 and f5/2 orbitals. The likelihood of particle-hole excitations across this
gap is thus increased, leading to a greater deformation.
In Chapter 2 the theory of the nuclear shell model and collective models are
discussed, along with the types of radiation emitted following nuclear reactions and
what information the measured quantities provide about the structure of a nucleus.
The experimental setup, details and DAQ configuration is shown in Chapter 3, followed
by a detailed description of the analysis techniques in Chapter 4. Among the analysis
techniques discussed includes the χ2 minimization method of determining (E2/M1)
mixing ratios and the Monte Carlo method used to determine statistically correct
values when asymmetric errors are used. The results of the experiment are then detailed
and discussed extensively in Chapter 5 and, where possible, compared to previously
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measured results and shell model calculations. The thesis is then concluded in Chapter
6 where a discussion of the experimental results is made and potential future work is
highlighted.
Chapter 2: Theory
Through the observation of radiation emitted from excited states in nuclei, one
can experimentally determine properties of nuclei. Amongst others, radiation emitted
from nuclei may occur in the form of γ rays, described in Section 2.4, or through the
emission of an orbital electron (e−), described in Sections 2.5 and 2.7. The informa-
tion obtained from experiment can be compared to the results from theoretical models.
There are a number of models used in an attempt to reproduce and explain the energies
of excited states in nuclei. Furthermore, other properties such as transition strengths
between nuclear states can provide more stringent tests of nuclear models. The inde-
pendent particle shell model, which is described in Section 2.1, is a simple approach
that works particularly well for a small number of nucleons outside the closed shell.
In the regions away from closed shells, treating the nucleus as a drop of liquid can be
effective in describing the excited states as shown in Section 2.2.
2.1 The Nuclear Shell Model
In the atomic shell model, electrons orbit in the potential of the nucleus in discrete
shells, filling each shell sequentially according to the Pauli Exclusion Principle, starting
at the lowest energy available. Evidence for the shell structure is observed in atomic
properties, such as the sudden drop in ionization energy whenever each atomic shell is
filled [77]. Similar evidence for shell structure within a nucleus is observed when looking
at some of the experimental properties of nuclei e.g. in the two-neutron separation
energy, S2n, as a function of nucleon number, shown in Figure 2.1 [4, 19]. The two-
neutron separation energy is the energy required to remove two neutrons from a nucleus,
and is analogous to the single electron removal in the atomic shell model due to pairing
effects between nucleons. The S2n values drop dramatically for nuclei with N+2, where
N is a magic number (8, 20, 28, 50, 82 and 126), indicative of closing shells.
The nucleon numbers where sudden drops occur in Figure 2.1, are collectively
known as the magic numbers. It is possible to reproduce these magic numbers from
a theoretical model if a suitable potential is chosen for the nucleus and spin-orbit
coupling is included. The potential used to described the shell structure of the electrons
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Figure 2.1: The difference between the experimental two-neutron separation energy, S2n,
parsed from the evaluated nuclear data sheets [19] and the value obtained from the semi-
empirical mass formula [4]. The parameters used are 15.5 MeV for the volume term, 16.8 MeV
for the surface term, 0.72 MeV for the Coulomb term, 23 MeV for the symmetry term and
34 MeV for the pairing term [4]. The magic numbers of 8, 20, 28, 50, 82 and 126 are shown
by the grey dashed lines where there are sudden drops.
includes the Coulomb potential as negatively charged electrons are orbiting a positively
charged nucleus [77]. However, the potential used for the nucleus must be produced
by the collection of all nucleons present in that nucleus [74]. Starting with a harmonic
oscillator, which has spherical symmetry and is easier to solve, the potential V (r) is
given by [74]
V (r) =
1
2
mω2r2 (2.1)
where m is the mass of the nucleon, ω is the frequency of the oscillator and r is the
radius. Substituting the potential into the three-dimensional Schro¨dinger equation[−h¯2
2m
∇2 + V (r)
]
Ψ(r) = EΨ(r) (2.2)
yield energy levels shown in the left of Figure 2.2 [4]. An energy level is defined by the
label “nl”, where l is the orbital angular momentum denoted by a letter i.e. s, p, d, f
corresponds to values of 0, 1, 2 and 3 respectively. The number n is an index, counting
the nth occurrence of a level with that particular l value, starting from n = 0. The
parity of a state, pi, is determined by (-1)l. Each level can contain a maximum of
2(2l + 1) nucleons, due to degeneracy of both s and m, representing the spin and
magnetic quantum numbers [4].
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Figure 2.2: Energy levels calculated from solving the Schro¨dinger equation in Equation
(2.2) for either the harmonic oscillator potential or a more realistic potential based upon the
charge distribution of a nucleus (Woods-Saxon). The number between particular levels is
the number of nucleons required to fill a major shell. The experimental magic numbers are
not reproduced until the spin orbit coupling is included in the potential [4, 74].
2.1: The Nuclear Shell Model 14
The large energy between energy levels occurs when 2, 8, 20, 34, etc nucleons
have closed a major shell, which does not agree with the experimental values. In
addition, the harmonic oscillator potential is only an approximation and represents
unphysical situations e.g. in this potential, an infinite amount of energy is required
to separate nucleons [4]. An alternative is the Woods-Saxon potential which closer
replicates the charge distribution of a nucleus i.e. the central portion is constant [74].
The Woods-Saxon potential is of the form
V (r) =
−V0
1 + exp [(r −R)/a] (2.3)
where R =1.3A1/3 fm is the mean radius of a nucleus, a = 0.524 fm is the skin thickness
(i.e. the radius of the nucleus in which the charge density decreases from 90 % of its
value to 10 %), and V0 is an adjustable parameter in order to replicate the correct
separation energies [4]. The energy levels produced from this potential are also shown
in Figure 2.2 but again the spacings do not reproduce the experimentally observed
magic numbers.
It is not until a spin-orbit force is included in the potential until the magic
numbers are replicated. The spin-orbit force is an interaction between the intrinsic
spin and orbital angular momentum of the nucleon. If the spin and angular momentum
are parallel then there is a deeper, more attractive potential. The total intrinsic spin,
S, has a value of 1/2 so, for example, if the total orbital angular moment, L, is 1 then
the total angular momentum, J , is either 1 + 1/2 = 3/2 or 1 − 1/2 = 1/2. The 3/2
is a result of parallel spin and angular momentum thus it sits at a lower energy than
the anti-parallel value of 1/2 [4, 74]. The effect of including the spin-orbit interaction
is also seen in Figure 2.2 where the magic numbers are successfully reproduced.
In even-even nuclei (where the numbers of protons and neutrons in a nucleus are
both even), the shell model predicts that the ground state will be a 0+ state due to
pairing of the nucleons. In the nuclear shell model, the lowest energy states are formed
by breaking a pair of nucleons from zero angular momentum, and rearranging the
angular momentum vectors according to the m scheme. The m scheme is a method of
determining the possible J values produced by the orbital occupations, by considering
the Pauli principle in the population of magnetic substates. The seniority of a particular
configuration may also be determined from the seniority, ν, which is the number of
unpaired nucleons [74].
2.1.1 Two-state Mixing
Nuclear states that are observed in the laboratory can often best be described as
an admixture of many other unperturbed states with equal spin and parity. However, it
is possible to perform a semiquantitative calculation with a two-state mixing model [74].
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Figure 2.3: The two-state mixing model where two unperturbed states mix due to an
interaction, V , such that the observed admixed states have a different energy [74].
In Figure 2.3 there are two initial states with energies E1/E2 and wavefunctions φ1/φ2.
Given an interaction, V , between the states they are left with energies EI/EII and
wavefunctions ψI/ψII
ψI = aφ1 + bφ2
ψII = −bφ1 + aφ2
where a and b are mixing amplitudes such that a2 + b2 = 1. The spacing between
the two unperturbed energies is also responsible for the mixing strength i.e. if the two
states are closer in energy there is a greater overlap in their original wavefunctions. In
fact, it is possible for there to be a large amount of mixing if the two states are very
close in energy but have a small interaction, V . A ratio R = ∆Eu/V is therefore defined
to include both of the contributions to state mixing, where ∆Eu is the unperturbed
energy difference [74]. The perturbed energy difference, ∆Ep, can than be related to
∆Eu and the mixing strength via
∆Ep
∆Eu
=
√
1 +
4
R2
(2.4)
and the total shift in energy of one state, ∆ES, is given by
|∆ES|
∆Eu
=
1
2
[√
1 +
4
R2
− 1
]
(2.5)
Using the ratio, R, the smallest amplitude of the mixing b is given by
b =
1√
1 +
[
R/2 +
√
1 +R2/4
]2 (2.6)
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If, for example, the energy difference between the two unperturbed states is large
and the interaction is small then R is large. A large R substituted into Equations (2.6)
and (2.5) yields very small values of b and ∆ES. Since ∆ES is so small, the interaction
reduces to V ' b · ∆Eu, i.e. it becomes possible to calculate V from experimental
data of b. In the opposite situation where there is both a large interaction and a
small unperturbed energy difference (e.g. ∆EU ∼ 0) then the final energies may
be summarised as EI/II = E0 + V i.e. each state of original energy, E0, is shifted
by the interaction strength only. This demonstrates that in any two-state mixing
scenario, the observed energy difference may never be smaller than twice the interaction
strength [74].
2.2 Collective Models of Nuclear Structure
The shell model can often fail in describing the structure of nuclei that are in the
mid-shell regions due to the large number of valence nucleons. For these regions an
alternative model may be used that focuses on the collective nature of the nucleus. One
of the collective models is often referred to as a ‘liquid drop’ model owing to the similar
mathematical analysis that may be carried out on a suspended drop of liquid [4].
One type of macroscopic behaviour is the vibrations of spherical nuclei. Assuming
that the nuclear ‘drop’ is incompressible the co-ordinate of any point on a spherical
nucleus at any time may be calculated by using the spherical harmonics Yλµ(θ, φ).
The first three vibrational modes corresponding to dipole, quadrupole and octupole
vibrations are when λ is 1, 2 or 3 respectively. At energies above 8 MeV the giant
dipole resonance is induced, which is the oscillation of the proton distribution against
the neutron distribution [74].
A nucleus that is undergoing a harmonic quadrupole vibration has its shape
oscillating in a quadrupole form as a function of time. Adding a phonon (a quantum
of vibrational energy) to a 0+ ground state is akin to adding two units of angular
momentum; the only state that can be populated is the 2+ state. If two phonons
are added to the ground state then, due to the various combinations of substates, the
allowed populated states can either be 0+, 2+ or 4+. This trio of states is known
collectively as the two-phonon triplet. As a phonon carries the same amount of energy,
one would expect the two-phonon triplet to lie at exactly twice the energy of the one-
phonon 2+ state [4]. The B(E2) value of the two-phonon triplet to the one-phonon
state is twice that of the one-phonon to the ground state as there are two available
phonons that may be destroyed. The complete destruction of a two-phonon state would
require the simultaneous destruction of each one-phonon. Thus, such transitions are
forbidden i.e. there should be no transitions between the two-phonon triplet and the
ground state in a harmonic quadrupole vibrator. An introduction of anharmonicities
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to the quadrupole vibrator provides avenues for deviation from these strict energy and
transition strength selection rules. [74].
In the regions far from the closing of a major shell, there are a number of valence
protons and neutrons which interact and lead to deviations away from a symmetrical
nucleus [74]. In non-spherical nuclei the deformation parameter, β, may be related to
the eccentricity of the ellipsoid by
β =
4
3
√
pi
5
∆R
RAV G
(2.7)
where ∆R is the difference between the semi-major and semi-minor axes of the ellipsoid,
and RAV G = 1.3A
1/3 fm. When β > 0 the nucleus is prolate, and oblate when β < 0 [4].
The excitation energies of an idealised deformed, axially symmetric rotating nucleus
are given by
E =
h¯2
2`
J(J + 1) (2.8)
where ` is the moment of inertia. Thus, higher excited states with larger spin are
formed from the addition of rotational energy. As the ground state of an even-even
nucleus is 0+, the idealised excitation energies of higher-lying states can be determined
from Equation (2.8)
E(0+) = 0
E(2+) = 6(h¯/2`)
E(4+) = 20(h¯/2`)
i.e. the ratio of 4+1 /2
+
1 energies in a rigidly-deformed rotational nucleus is 3.33. Only
even values of J are considered due to the mirror symmetry of the nucleus [4].
A chart of nuclides is shown in Figure 2.4, which displays the ratio of 4+1 to
2+1 energies. The magic numbers are shown by grey dashed lines. The red points
correspond to a spherical vibrator where the ratio is close to 2.0 and the blue points
are rotational nuclei as the ratio approaches 3.33. The yellow points are transitional
nuclides between the two. It can be seen clearly from Figure 2.4 that the rotational
nuclei are generally in the regions between closed shells whilst the vibrational nuclei
are generally low mass or close to the magic numbers [19].
In the shell model, nuclear levels are calculated using a spherical potential. As
Figure 2.4 shows, nuclei at high masses are generally deformed and so require an
alternative potential. In the case of a spherical potential each level has a degeneracy
of (2J+1) nucleons but when a potential with a deformed shape is used, there is a
splitting in the energy levels as the deformation parameter, β, moves away from 0. For
prolate nuclei (β > 0) the orbits with lower angular momentum projection onto the
2.2: Collective Models of Nuclear Structure 18
Neutron Number
50 100 150
Pr
ot
on
 N
um
be
r
10
20
30
40
50
60
70
80
90
100
0
0.5
1
1.5
2
2.5
3
3.5
4
Figure 2.4: The ratio of 4+1 to 2
+
1 empirical energies for each nuclide across the chart [19].
The magic numbers are shown by grey dashed lines. The red points correspond to a spherical
vibrator, the blue are rotational and the yellow and transitional nuclides between the two.
axis of symmetry (the K quantum number) are closer to the core. Thus, they interact
more strongly and are lower in energy. The opposite is true in oblate nuclei (β < 0)
where orbits with the higher values of angular momentum projection onto the axis of
symmetry are lower in energy. Consequently, solving the Schro¨dinger equation with a
deformed potential for all possible values of β yields a Nilsson diagram, like the one
shown in Figure 2.5 for the 28 < N < 40 region.
2.2.1 Shape Coexistence
States of the same spin and parity (with similar excitation energies) but different
intrinsic shapes can mix such that the resultant state is an admixture of shapes, as
described in Section 2.1 for the mixing of energies. There are a few scenarios that can
create low-energy states with different deformations to the ground state, leading to this
phenomenon of shape coexistence.
Typically in spherical closed-shell nuclei, there may be situations where n-particle
excitations across a shell gap become favourable. The deformed excited configuration
can increase the strength of residual interactions between nucleons, bringing down the
excitation energies of such a configuration. The strength of these residual interactions
can rival the shell gap energy, therefore making the intruder states of comparable energy
to the low-lying excitations of the ground-state configuration [1, 8, 74, 79].
In the regions between closed shells there is also a possibility that the population
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Figure 2.5: An example Nilsson diagram for neutron single-particle energies as a function
of the deformation parameter, β, in the region of 28 < N < 40. The positive and negative
parities are represented by solid and dashed lines respectively. Image from Ref [78]
of particular orbitals may polarize the shape of a nucleus in different directions, pushing
to either oblate or prolate configurations [10]. It has also been suggested that shape
coexistence is found in light nuclei as a result of clustering of alpha particles (e.g. 12C).
Competing shape minima in the potential energy surface can be formed by different
cluster configurations [80].
2.3 Nuclear Reactions
The structure of nuclei can be determined by the analysis of various experimental
data. One source of data is the observation of radiation emitted from excited states as
they decay. The excited states can be populated through a variety of methods including
nuclear reactions, each with their own advantages and disadvantages in measuring
particular observables.
One of the most common reactions used is Coulomb excitation (Coulex), which
is well understood because the reaction involves electromagnetic interactions only. In
this reaction, a particle is incident upon a target with an energy slightly less than
the repulsive Coulomb barrier between the two nuclei. The two nuclei do not get
close enough to undergo an interaction via the strong force. However the nuclei are
sufficiently close enough that they experience the electromagnetic field of the other
and both the incident and target nuclei have the possibility to be excited into low-
lying states by the electromagnetic field. The states are populated by a sequence of
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E2 transitions, so the interaction provides the opportunity to determine the absolute
transitional and diagonal matrix elements, thus probing the collective behaviour [74].
At higher beam energies the incident nuclei may interact directly with the target
nuclei, transferring energy in the process and scattering at a particular θ angle with
respect to the beam axis. This process is known as inelastic scattering. At beam en-
ergies below 100 MeV/u the reaction can be approximated by the distorted-wave Born
approximation (DWBA), where the scattered particle is approximated as a plane wave
in a distorted potential [81]. The differential cross-section, dσ/dΩ, i.e. the probability
of the particle scattering in a solid angle around a particular direction can then be
given by
dσ
dΩ
=
(
µ
2pih¯2
)2
k′
k
∑
LM
2Jf + 1
(2Ji + 1)(2L+ 1)
|TLM |2 (2.9)
where µ is the reduced mass, k/k′ are the momentum vectors before/after the reaction
and TLM is the transition matrix element. It can be seen from Equation (2.9) that
observing the scattered particle following inelastic scattering can provide information
on the populated states of the target nuclei. A direct reaction, such as inelastic proton
scattering, does not significantly disturb the target nucleus (i.e. the initial nuclear
wavefunction is similar to the final). Therefore, in the collective model, the excitation
of the nucleus can be considered a change in the collective nature rather than in single-
particle terms [82].
2.4 Gamma Decay
Nuclei that are excited to an excited state following a nuclear reaction can rapidly
decay to the ground state generally through the emission of γ rays. The energy of a γ
ray is equal to the difference in the excitation energy of the levels between which the
transition occurs. If the spin and parity of the two energy levels is Jpiii and J
pif
f then
the angular momentum carried away by the γ ray, L, can take a number of possible
values governed by
|Ji − Jf | ≤ L ≤ Ji + Jf (2.10)
with an additional rule that L 6= 0, as the γ ray must carry away at least one unit of
angular momentum. The γ rays are produced either through a change in distribution
of the charges, or a change in distribution of the currents in the nucleus. This defines
the γ ray of the transition to be either electric (EL) or magnetic (ML) in nature
depending on which of the distributions changes. The electric or magnetic nature of
the γ ray can be identified by examining the parity of the two energy levels and the
angular momentum of the γ ray itself [4]. If an electric transition has even L then there
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is no change in parity (even) but if L is odd then there is a change of parity (odd).
The rule is reversed for magnetic transitions i.e.
pi(ML) = (−1)L+1
pi(EL) = (−1)L
For a 2+ → 0+ transition L can only take a value of 2 and, as there is no change in
parity, then the transition must be E2 in nature. For a 2+ → 2+ transition however
the transition can be M1, E2, M3 or E4. There is also the E0 transition available
but this will not decay through the emission of a γ ray and will instead decay through
alternative methods such as internal conversion [4], discussed in Section 2.5.
2.4.1 Gamma-ray Angular Distributions
For a mixed transition such as the 2+2 → 2+1 transition, it is useful to obtain the
mixing ratio between the available multipolarities of γ-ray decay. The mixing ratio,
δ, is typically defined as the fraction of E2 to M1 matrix elements, so the strength of
each transition can be obtained from
λ(E2) =
δ2
1 + δ2
λ(M1) =
1
1 + δ2
The angular distribution of γ rays can be described by [83]
W (θ) = N · [1 + a2P2(cos θ) + a4P4(cos θ)] (2.11)
where N is a normalization parameter, ak = αkAk are the coefficients which depend on
the parent spin and the mixing ratio of the transition, and Pk(cos θ) are the Legendre
polynomials [84]
P2(cos θ) =
1
2
· (3cos2θ − 1)
P4(cos θ) =
1
8
· (35cos4θ − 30cos2θ + 3)
The coefficients ak are determined by the multiplication of two other coefficients.
The first of these is the angular distribution coefficient, Ak, calculated from
Ak(JiL1L2Jf ) =
1
1 + δ2
[
fk(JfL1L1Ji) + 2δfk(JfL1L2Ji) + δ
2fk(JfL2L2Ji)
]
(2.12)
2.4: Gamma Decay 22
where Ji/f are the initial and final spins of the states and fk is a coefficient that
is dependent on the spin and multipolarity of the transition, which is tabulated by
Yamazaki [83]. The coefficients Ak can thus be calculated from the mixing ratio of the
two multipolarities with angular momentum L i.e.
δ =
< Jf |L2|Ji >
< Jf |L1|Ji > (2.13)
+2
+0
m = -2
m = -1
m = 0
m = +1
m = +2
m = 0
σ
Figure 2.6: The magnetic substates of a level can all be populated. The distribution of the
population is taken to be a Gaussian with a width of σ. The alignment of the state is thus
defined by σ/J.
The second coefficient is the attenuation coefficient of the alignment, αk, which
describes the degree of population of the individual magnetic substates (m-states) of the
parent state and is convenient to write in terms of σ/J . Each of the magnetic substates
of a level can all be populated with a Gaussian distribution of width σ, shown in Figure
2.6. The alignment of the state, given by σ/J, is lower if there is a greater population
of the m = 0 magnetic substate. If there is no alignment, or there is only one magnetic
substate, then the total angular distribution of γ rays will be isotropic. For integer
spins the attenuation coefficient of the alignment can be calculated via
αk(Ji) =
ρk(Ji)
Bk(Ji)
=
(2J + 1)1/2
∑
m(−)J−m < JmJ −m|k0 > Pm(J)
(2J + 1)1/2(−)J < J0J0|k0 >
where m is the magnetic substate, < JmJ −m|k0 > and < J0J0|k0 > are Clebsch-
Gordan coefficients and P (J) are population parameters [85]. Assuming that the pop-
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ulation of magnetic substates is represented by a Gaussian distribution with a width
of σ, the population parameters can be given by
Pm(J) =
e−m
2/2σ2∑J
m′=−J e
−m′2/2σ2 (2.14)
2.4.2 Weisskopf Estimates
Assuming that a single particle is excited in the potential to form an excited nu-
clear state, the relative transition rates of the multipolarities available can be estimated
via Weisskopf estimates
λ(E1) = 1.0× 1014 · A2/3 · E3
λ(E2) = 7.3× 107 · A4/3 · E5
λ(E3) = 34A2E7
λ(E4) = 1.1× 10−5 · A8/3 · E9
λ(M1) = 5.6× 1013 · E3
λ(M2) = 3.5× 107 · A2/3 · E5
λ(M3) = 16 · A4/3 · E7
λ(M4) = 4.5× 10−6 · A2 · E9
where λ is simply the decay constant in s−1, A is the atomic mass number and E is
the transition energy in MeV. Thus, comparing the experimental transition strength
to the Weisskopf estimates may indicate the number of nucleons that contribute to the
transition. A 1 MeV 2+ → 2+ transition in 62Ni would thus have a ratio between the
single-particle Weisskopf estimates of
λ(M1) : λ(E2) = 1 : 3.2× 10−4 (2.15)
It is not uncommon to find transitions where the E2 multipolarity is dominant over
M1 [4].
2.5 Internal Conversion Decay
The most common form of radiation emitted from excited nuclear states as they
decay is in the form of γ rays. Alternative modes include the emission of two photons
(γγ), the production of an electron-positron pair (internal pair formation, pi) or the
emission of an orbital electron. Rather than emitting a γ ray the energy of the de-
excitation goes into emitting one of the orbital electrons with an energy equal to the
transition energy minus the binding energy of the electron, Be, i.e.
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Te = Tγ −Be (2.16)
In an electron spectrum, one would observe a number of peaks for each transi-
tion corresponding to the various electron shells. The most dominant peak would be
from the K shell owing to its greater spatial overlap of the electron and nuclear wave
functions. Once the electron is emitted, the atom is left with a vacancy in one of its
electron shells. This vacancy is filled from a higher shell, which emits an X ray or
an Auger electron in the process, analagous to the emission of γ rays and conversion
electrons during a nuclear transition [4]. This can result in a cascade of X rays or
Auger electrons from a single nuclear transition, as the subsequent electron vacancies
are filled in the re-arranging atom. The total decay probability of a nuclear transition
is equal to the sum of probabilities for the individual decay modes i.e.
λt = λγ + λe + λγγ + λpi + ... (2.17)
which can be rearranged as
λt = λγ(1 + αe + αpi + αγγ + ...) (2.18)
where αx = λx/λγ is a coefficient of decay mode x, which is simply the probability of
that particular decay mode x relative to γ-ray decay e.g. αe is the internal conversion
coefficient [4]. The conversion coefficient can also be split into the individual coefficients
for each electron shell and sub-shell if necessary e.g.
α = αK + αLI + αLII + ... (2.19)
The magnitude of αe is dependent on the transition energy, the multipolarity
of the transition and the atomic number as shown in Figure 2.7. The conversion
coefficients increase as a function of multipolarity and atomic number but decrease
with transition energy [4,86]. In the left panel of Figure 2.7, αe is plotted as a function
of transition energy whilst keeping the atomic number at a constant value of 28. For
each value of angular momentum, L, the magnetic and electric transitions tend to
overlap with one another as the transition energy increases. The right panel of Figure
2.7 shows αe as a function of atomic number whilst keeping the transition energy at a
constant value of 1 MeV.
2.6 Internal Pair Formation Decay
At large transition energies the energy of the de-excitation may go into creating
an electron-positron pair with a total combined energy
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Figure 2.7: The internal conversion coefficients for the K shell for (left) a constant Z = 28
value as a function of transition energy, and (right) a constant transition energy of T =
1000 keV as a function of proton number [86]. The different curves correspond to different
transition multipolarities.
Te+ + Te− = Tγ − 2mec2 (2.20)
where Te+ and Te− are the positron and electron kinetic energies, Tγ is the transition
energy between the two states, and mec
2 is the electron rest mass. As the process in-
volves the formation of an electron-positron pair, the transition energy must be larger
than 1.022 MeV. This process is known as internal pair formation, also known as in-
ternal pair conversion, and is often denoted by the symbol pi. The e+-e− particle pairs
are emitted in a particular distribution that depends on the transition multipolarity
and energy [6].
Spectrometers that measure pi transitions generally make use of theoretical mod-
els in order to determine the detection efficiency. The earliest theoretical models used
to calculate internal pair formation coefficients, αpi, and the distribution of e
+-e− sep-
aration angles were based on the Born approximation, where the electron and positron
wavefunctions are considered to be plane waves [6]. An assumption is also made that
the nucleus is point-like and thus, the approximation is only valid for nuclei with
Z < 40. In the early 1990s, models were developed to include the heavier elements by
using Coulomb-distorted plane waves i.e. the large Coulomb potential of heavy nuclei
was introduced [87]. In later models, the distorted-wave Born approximation (DWBA)
method was used, which includes relativistic effects, magnetic substates and the finite
size of the nucleus [88]. The theoretical αpi values differ considerably between the Born
and DWBA approximations, particularly for magnetic transitions [88]. This may have
an impact on the accuracy of E0 transition strengths determined from a measurement
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of internal pair formation prior to the development of the DWBA model.
2.7 E0 Transitions
Electric monopole (E0) transition strengths between Jpii to J
pi
f states can act as
a probe to determine properties of the underlying nuclear structure. For example,
measuring the monopole strength, ρ(E0), can provide access to the degree of mixing
between the nuclear states as
ρif (E0) ' ab∆ < r
2 >
eR2
(2.21)
where a and b are the mixing amplitudes, ∆ < r2 > is the difference in the mean-square
charge radii, e is the electric charge, and R = 1.3A1/3 fm is the nuclear radius [1].
Additionally, one can relate ρ2(E0) to the difference in the quadrupole deformation,
∆(β2), and the mixing, a, between the two states via [1]
ρ2(E0) =
(
3Z
4pi
)2
a2(1− a2) [∆(β2)]2 (2.22)
In scientific literature, the ρ2(E0)×103 value is usually quoted to prevent ambigu-
ity in the sign and because the values are generally in the magnitude of 10−3. Equation
(2.22) is drawn in Figure 2.8 for Ni. On the left side of Figure 2.8, the deformation
difference, ∆(β2), is kept constant for a few different possible values and a relationship
is shown between reasonable values of ρ2(E0) and a. It can be seen that, at a large
deformation difference, there is a minimum amount of mixing required to produce large
E0 transition strengths. In a similar manner, the right side of Figure 2.8 shows the
relationship between ρ2(E0) and the deformation difference for a few possible values
of a.
One of the simplest quantities to measure in E0 transitions is the ratio of in-
tensities between the E0 and E2 transitions de-exciting from a particular state, q2K =
IK(E0)/IK(E2) [5]. For a 0
+ to a 0+ transition there is no E2 component. Therefore,
the E2 transition of the competing 0+ to 2+ transition is used. A 2+i to 2
+
f transition
will decay by a mixed transition consisting of E0, M1 and E2 components. In this
situation the q2 would then be determined by
q2 =
αexp(1 + δ
2)− α(M1)
α(E2) · δ2 − 1 (2.23)
where δ2 = IE2/IM1 is the mixing ratio between M1 and E2 transitions, α are theoret-
ical internal conversion coefficients obtained from BrIcc [86], and αexp is an experimen-
tally determined value of the total number of conversion electrons (i.e. E0 +M1 +E2)
with respect to the total number of γ rays (M1 + E2) [5]. Using all of the available
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Figure 2.8: The relationship between ρ2(E0), ∆β2 and a in Ni for (left) constant values of
the deformation difference and (right) constant values of the mixing strength.
experimental inputs such as q2, δ, branching ratios and parent half-lives, then ρ2(E0)
may be calculated from
ρ2(E0) =
1
Ω(E0)τ(E0)
(2.24)
where Ω is an electronic factor and τ(E0) is the partial mean lifetime of the E0
transition [86]. In the spherical harmonic quadrupole vibrator model, E2 transi-
tions are allowed between phonon states with a difference of one phonon number i.e.
∆Nphonons = ±1 [74], as shown in Section 2.2. An E0 transition is only allowed if
∆Nphonons = 0,±2 therefore, the 2+2 → 2+1 transition would be forbidden via E0 decay
as ∆Nphonons = 1. The ρ
2(E0 : 0+2 → 0+1 ) value may be estimated if the B(E2) value
of the one-phonon excitation is known, as
ρ2(E0 : 0+2 → 0+1 ) =
2
5
B(E2 : 0+1 → 2+1 )2
(3/4pi)2 Z2r80A
8/3
(2.25)
where B(E2) has units of e2 fm4 and r0 is the nuclear radius constant that typically
takes values of around 1.3 fm [1,4].
The ρ2(E0 : 0+2 → 0+1 ) value may also be estimated in the quadrupole deformed
axially symmetric rotor model of deformed nuclei from [1]
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ρ2(E0 : 0+2 → 0+1 ) =
9
8pi2
Z2β40
E(2+1 )
E(0+i )
=
B(E2 : 0+1 → 2+i )4β20
e2r40A
4/3
(2.26)
where β0 is the quadrupole deformation and i is an integer, specifying which band
the transition is from. Here, ρ2(E0) does not have any angular dependence and as
such, E0 transitions between the same bands will have identical transition rates in the
quadrupole deformed axially symmetric rotor model [1].
Chapter 3: Experimental Techniques
The 14UD pelletron at the Australian National University (ANU) is used to
accelerate positively charged ions, such as protons, to various setups within the ex-
perimental hall. Initially, negative ions are extracted from a source, pre-accelerated to
150 keV and focused via quadrupole lenses and slits onto a stripper foil. The electrons
are stripped off the ions and a positively charged beam is produced, which is sent into
the pelletron. The pelletron is able to accelerate this beam due to a large electric
potential (up to 15 MV) between the two ends, which is produced in a similar manner
to a Van de Graaff generator i.e. a moving belt composed of metal pellets builds up
electric charge at one end [89].
There are ten beam lines at the ANU, which deliver beam to various experimen-
tal setups. One of these is the CAESAR array [27], composed of 9 HPGe Compton
suppressed detectors for the detection of γ rays emitted from the target at the central
position, following a nuclear reaction. The detectors are positioned at a number of
angles relative to the beam axis, allowing for the measurement of angular distributions
of γ rays, as shown in Section 4.4. There are an additional two unsuppressed low-
energy photon spectrometers for the detection of X rays and low-energy γ rays. The
data acquisition electronics of the array may be setup to collect γ-ray singles or γ-γ
correlations.
A short distance away from CAESAR is the superconducting electron spectrom-
eter, Super-e [25]. A schematic of this setup is shown in Figure 3.1. There are two
target positions within the spectrometer which can be selected remotely. In the first
target position there is a chromium-doped aluminium oxide tuning aperture with a
5 mm diameter; during tuning of the proton beam a light-sensitive camera is used to
assist with the task of directing the beam through the hole. The second target position
is the material of interest and it is tilted at 45 degrees to the beam axis such that
the electrons and positrons that are emitted from the target travel through a smaller
effective target thickness and therefore experience less energy straggling.
An American Magnetics, Inc Power Supply Programmer 430 is used to apply
a precise current to the solenoid magnet that surrounds the chamber and provides a
magnetic field perpendicular to the beam direction. Electrons and positrons emitted
from the target are guided by the magnetic field down to an array of six 9 mm thick
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Figure 3.1: Schematic diagram (not to scale) of the superconducting electron spectrometer,
Super-e, at the Australian National University. A proton beam provided by the 14UD
pelletron is incident on an angled self-supporting target, shown in red. Following the reaction
in the target, the proton beam carries on into the beam dump and a Faraday Cup for the
purpose of charge integration. The electrons emitted from the target are transported by a
magnetic field (produced by a solenoid magnet) around two baﬄes (green) and through a
diaphragm on to a set of six 9 mm thick wedge shape Si(Li) detectors (blue) located 35 cm
from the target. The γ rays emitted from the target are detected by a single Compton-
suppressed HPGe detector located outside the chamber, approximately 50 cm from the target.
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lithium-drifted silicon (Si(Li)) detectors, which are located 350 mm away from the
target. This Si(Li) detector array is named Miel [23–25]. Two baﬄes and a diaphragm
are located between the target and the detector, the purpose of which is to shield the
detectors from direct illumination of gamma radiation from the target, and to prevent
the transmission of low-energy electrons along the central axis. The strength of the
magnetic field of the solenoid is adjusted in order to select the momentum window for
the transmission of a particular electron or positron energy to the detector array. The
details of the diaphragm and baﬄes, in addition to the field strength, control the width
of the momentum window. For the majority of the experiment, the magnet operates
in a sweeping mode where the magnetic field value is adjusted in steps between a lower
and a higher magnetic field value. To ensure that the time spent at each magnetic field
setting is consistent, there is a Hall probe located close to the solenoid and a Faraday
cup in the beam dump that integrates the charge of the proton beam incident on target.
In the oﬄine analysis, a software gate can be applied to the detected energy with respect
to the magnetic field value as the energy of the transported electron is related to the
strength of the magnetic field. A single Compton-suppressed HPGe detector (named
Aptherix) is positioned outside the detector to allow for the detection of γ rays. This
spectrometer has been used to measure the internal conversion coefficients in a variety
of isotopes; recently in 209Fr, 121Sb, 123Sb and 208Bi [27,90,91].
3.1 Electron and Gamma-ray Spectroscopy Tech-
niques
The energy of the radiation emitted during the de-excitation of a nucleus is mea-
sured in this experiment with semiconductor detectors. In such a detector there is
a large volume of crystalline material in which the radiation interacts and creates
electron-hole pairs as the charge carriers. The pairs are transported in an electric field
and the total charge that is collected at the electrodes is proportional to the amount
of deposited energy in the detector [92].
A lithium-drifted silicon detector is used to measure the electrons, whilst a high-
purity germanium detector is used to measure the γ rays emitted from de-excitating
nuclei. The ionizing nature of an incident electron is responsible for the creation of the
electron-hole pairs. However, a γ ray cannot be measured directly because it has no
charge, so the energy from a γ ray is deposited in the detector volume only following
one of the interactions described in the following section.
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3.1.1 Electron and gamma-ray interactions with matter
When a charged particle, such as an electron, enters into a medium it will interact
with nearby atoms via the Coulomb force. In each interaction, an orbital electron in
an atom will either be excited to a higher state or ejected from the atom. As energy
is transferred in each interaction, the incident electron loses some of its kinetic energy
until it is completely stopped, provided the material is thick enough. Some of the energy
may be lost by bremsstrahlung radiation as the electron interacts with other orbital
electrons. If the radiation escapes the detector volume then there is an incomplete
charge collection of the primary electron [92].
A γ ray in a medium is unable to interact with atoms in the same way but there
are three major processes in which γ rays interact within detector volumes; these are
photoelectric absorption, Compton scattering and pair production. In each process the
γ ray deposits some or all of its energy in an interaction, either being fully absorbed
or scattered at a different energy [92].
In photoelectric absorption, the incident γ ray is absorbed by an atom and emits
one of the orbital electrons in the process, at an energy equivalent to that of the γ ray
minus the electron binding energy. The vacancy left by the emitted electron is filled
from higher orbits, either emitting an X ray or Auger electron in the process. However,
due to their low energy, the X rays and Auger electrons are normally reabsorbed in the
material, close to the point of emission. This reabsorption corresponds to the original
binding energy of the orbital electron. As the incident γ-ray energy is equal to the
total sum of kinetic energies of electrons involved in the process, the distribution of
measured energies in a detector would be a simple delta function. The probability of
this process occurring is greater in higher Z materials due to the larger availability of
orbital electrons [92].
Instead of total absorption, an incident γ ray may be scattered by an orbital
electron. This process is Compton scattering, where energy and momentum are trans-
ferred from the γ ray to an orbital electron, causing it to recoil through the medium.
It is possible for all scattering angles to occur within the volume, therefore a con-
tinuous distribution of measured energies would be formed up to a maximum value,
which is less than the γ-ray energy. This maximum point is known as the Compton
edge, and for large γ-ray energies is approximately half of the rest mass of an elec-
tron (mec
2/2 = 250 keV) less than the γ-ray energy. Similarly, the probability of this
process occurring is proportional to the Z of the material [92].
At high energies the incident γ ray interacts within the Coulomb field of a nucleus,
creating an electron-positron pair with a shared kinetic energy equivalent to the γ-ray
energy minus twice the rest mass of an electron (2 × 511 keV). Therefore the equivalent
γ-ray transition energy must be at least 1.022 MeV for the pair production process to
3.2: Data Acquisition 33
be energetically allowed. The positron that is created in this pair production process
generally annihilates with another electron inside the medium, creating two 511 keV
photons in the process [92].
3.1.2 HPGe and Si(Li) detectors
Semiconductors are chosen because of their excellent energy resolution, compact
size and fast timing but are prone to radiation damage. In all semiconductor detectors
a lattice is formed by a crystalline material, creating a band structure for electrons.
The electrons that are bound to the lattice sites within the crystal are in the valence
band, whilst free electrons exist within the conduction band. There is a gap between
the two bands, called the band gap, which bound electrons must be excited through in
order to reach the conduction band. The size of this band gap is therefore larger for
an insulator and smaller for a semiconductor [92].
An electron that is excited across the band gap leaves a hole in the valence band.
In a semiconductor detector, an electric field is applied to the material which causes
the electron-hole pair to move in opposite directions. The total charge deposited at
the electrodes is therefore proportional to the energy of the radiation deposited in the
crystal. The electron-hole pair moves at a drift velocity, which is proportional to the
strength of the electric field up until it reaches a saturation velocity. Thus, the electric
field that is applied to the detector is usually high enough to cover this saturation
velocity. There is also a possibility that electron-hole pairs are created from thermal
energy, at a probability proportional to the temperature of the detector volume. For
this reason the Si(Li) and HPGe detectors used in this experiment are cooled with
liquid nitrogen [92].
Materials used for semiconductor detectors include silicon, germanium and com-
pounds such as CdTe and GaAs. Out of the options available, germanium has the best
energy resolution and is thus the most commonly used for γ-ray detectors. Silicon still
has a good energy resolution but as it has a lower Z than germanium the processes for
γ-ray interactions are less probable, reducing the peak efficiency for γ-ray detections.
Silicon does make a good choice for detecting electrons as the backscattering coefficient
is low, due again to the relatively low atomic number (Z = 14 for Si) [92].
3.2 Data Acquisition
A schematic diagram of the analogue data acquisition system is shown in Fig-
ure 3.2 for the Super-e experimental setup, which is routinely used for internal pair
formation experiments and requires a trigger on multiple detectors triggering in coin-
cidence. The signals produced from incident electrons or positrons are passed through
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a preamplifier and a series of discriminators in order to block noisy signals and select
events above a set threshold. If the pulses are above the threshold they are passed on
to a Time to Digital Converter (TDC) which passes information on the time difference
between two coincident detectors into the data stream. The signals are also used to
provide a trigger for the DAQ. Similarly, the signals from the HPGe detector and as-
sociated Compton-suppressor are processed through a number of discriminators and
into a logic unit to check that the signal is not background noise. If the signal is a
real event and above a threshold it too is used as a DAQ trigger. If the DAQ is trig-
gered, it records the electron and γ-ray energies directly from the Analogue to Digital
Converters (ADC). The magnetic field control voltage, VC , is read continuously from
the power supply programmer and recorded to disk if triggered by either an electron
or γ-ray detection. Depending on which detector is triggered, the VC value is recorded
as V eC or V
γ
C for electrons and γ rays respectively. The value of the Hall probe, which
is positioned within the setup, is also recorded at each electron event.
3.3 Experimental Details
The same three self-supporting Ni targets were used in both the CAESAR and
Super-e setups. Two of the enriched targets, 60Ni and 62Ni, were 1.3 mg/cm2 thick and
the 58Ni target was 1.4 mg/cm2. The Coulomb barrier energy for a proton incident on
Ni is approximately 4.2 MeV, whilst the (p, n) reaction opens up at 9.3 MeV, 6.9 MeV
and 4.7 MeV for 58,60,62Ni, respectively [81]. A summary of the runs for CAESAR is
shown in Table 3.1, in chronological order. During each data collection period, the
data acquisiton system was configured to collect data in γ-ray singles.
The summary of runs for the Super-e experiment is listed in Table 3.2 in chrono-
logical order. Initially, the setup consisted of the Miel electron detector and Aptherix
γ-ray detector, with another HPGe detector, named Odin, located approximately 2 m
away from the target. In the 56Co source run, the Miel detector is disabled and so
there is no sweeping mode of the lens. After the 56Co source run, the beam intensity
was increased so the Aptherix detector was physically removed from the setup in order
to avoid neutron damage. The proton energy was later increased for the 58Ni target in
order to populate higher-lying states but the sweeping range was also reduced due to
time constraints.
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N Target Duration (hh:mm) Tp (MeV) Rate (nA)
C1 56Co 00:20 Source
C2 62Ni 03:17 4.7 45
C3 58Ni 01:11 6.8 6.5
C4 58Ni 00:27 6.8 6.5
C5 58Ni 00:12 6.8 6.5
C6 60Ni 00:15 6.8 6.5
C7 60Ni 00:11 6.8 8
C8 60Ni 01:01 6.8 8
C9 60Ni 00:27 6.8 8
C10 56Co 00:31 Source
C11 56Co 00:19 Source
C12 152Eu 00:40 Source
C13 170Lu 00:33 Source
Table 3.1: Run summary for the CAESAR experiment in chronological order where Tp is
the energy of the proton beam. In each run the data acquisition system was configured to
record singles data.
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N Target Duration Tp Rate TLOW THIGH Cycles Setup
(hh:mm) (MeV) (nA) (keV) (keV)
S1 170Lu 10:45 Source - 35 3630 14 0
S2 62Ni 07:25 4.7 500 610 3440 9 0
S3 60Ni 02:15 6.8 275 610 3440 2 0
S4 60Ni 04:00 6.8 150 610 3440 3 0
S5 60Ni 01:35 6.8 250 610 3440 1 0
S6 60Ni 03:02 6.8 200 610 3440 2 0
S7 58Ni 03:03 6.8 150 230 3190 1 0
S8 58Ni 03:06 6.8 150 230 3190 2 0
S9 58Ni 03:45 6.8 135 230 3190 2 0
S10 58Ni 03:47 6.8 120 230 3190 1 0
S11 56Co 00:45 Source - - - - 1
S12 58Ni 02:55 6.8 800 230 3190 2 2
S13 58Ni 02:45 6.8 700 230 3190 2 2
S14 58Ni 01:15 6.8 800 230 3190 1 2
S15 58Ni 05:35 9.2 150 820 3060 5 2
Table 3.2: Run summary for the Super-e experiment in chronological order where Tp is
the energy of the proton beam and TLOW/HIGH is the sweeping range of the magnetic field.
The final column is the configuration of the setup where 0 is using both the Miel electron
detector and the two Aptherix and Odin HPGe detectors. The 56Co run does not have Miel
included and only uses the two HPGe detectors. The setup number 2 is the Miel electron
detector and Odin HPGe detector.
Chapter 4: Techniques used for CAESAR
and Super-e Data Analysis
A number of techniques were used to analyse the data set in this experiment. As
the basis of all analysis is the number of counts in a peak within a spectrum, the method
of peak fitting is discussed in detail in Section 4.1. The quality and consistency of the
data are then confirmed in Section 4.2 such that any discrepant data are removed from
further analysis. The efficiency of each of the three devices is determined from 170Lu
and 56Co source measurements in Section 4.3. The techniques involved in determining
the experimental quantities, δ(E2/M1) mixing ratios and electric monopole transitions
strengths, ρ2(E0), are detailed in Sections 4.4 and 4.5.
4.1 Peak Fitting
In both of the e− and γ-ray spectra, the peak shapes have low-energy tails due
to incomplete charge collection in the detectors. The low-energy tail of the e− peaks
are likely to be primarily from target straggling and back-scattering. Both the e− and
γ-ray peakshapes may be described by Gaussian functions, g(x), where
g(x) = e
−
(
x−x0
σ
√
2
)2
(4.1)
summed with a skewed Gaussian, d(x), to account for the low-energy tail from incom-
plete charge collection effects where
d(x) = e(
x−x0
β ) · erfc
[
x− x0
σ
√
2
+
σ
β
√
2
]
(4.2)
where x0 is the centroid, σ is the width of the Gaussian and β controls the length of the
tail [93]. The error function, erf(x), is part of the integration of a normal distribution
i.e.
erf(x) =
2√
(pi)
∫ x
0
e−t
2
dt (4.3)
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and the complementary error function, erfc, is simply 1 − erf(x) [84]. Combining the
two Gaussian functions in a simple method
f(x) = h · [g(x) · η + d(x) · (1− η)] (4.4)
(where h is the height of the peak and η is a constrained sharing parameter) is not
ideal as f(x0) is not equal to h. This is an important consideration as it is common
in this analysis for multiple over-lapping peaks to be fit, where the centroid has to be
constrained. The alternative is to define the peak as
y(x) = h ·
(
g(x)
g(x0)
· η + d(x)
d(x0)
· (1− η)
)
(4.5)
The function in Equation (4.5) is fit to all e− and γ-ray peaks using the ROOT toolkit
[94]. As a consequence of the alternative method the total area of the peak, Ay, is
given by
Ay = h ·
(
Ag
g(x0)
· η + Ad
d(x0)
· (1− η)
)
(4.6)
where Ag and Ad are the peak areas of the two individual Gaussians i.e.
Ag =
+∞∫
−∞
g(x)dx =
√
2piσ (4.7)
Ad =
+∞∫
−∞
d(x)dx = 2βe
− σ2
2β2 (4.8)
The uncertainty in the counts, ∆A, is obtained through error propagation of the pa-
rameters determined from the fit i.e. [95]
∆2A = ∆
2
σ
(
∂y
∂σ
)2
+ ∆2β
(
∂y
∂β
)2
+ 2 ·∆2σβ
∂y
∂σ
∂y
∂β
+ ... (4.9)
If ∆A is calculated to be less than
√
A, then
√
A is used as ∆A instead . A step function,
s(x), is also included in the fitting of the peak in order to determine the background.
The step function is defined by the cumulative distribution function (CDF) of the peak
i.e.
s(x) = 1− CDF = 0.5 ·
[
1 + erf
(
x− x0
σ
√
2
)
+ e
(
x−x0
β
+ σ
2
2β2
)
· erfc
(
β(x− x0) + σ2
βσ
√
2
)]
(4.10)
which is obtained by integrating the peak function.
Figures 4.1, 4.2 and 4.3 show the γ-ray and e− spectra of 58,60,62Ni, respectively.
For each target, an example fit from the e− spectrum is shown, where there are multiple
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over-lapping peaks within a small energy region, particularly in 62Ni where six peaks
are fitted. When multiple peaks are fitted within a narrow energy region the σ, η and
β values are assumed to be constant in order to reduce the number of free parameters
in the fit. Fitting multiple peaks simultaneously is common in the electron data as
the separation energy between the K and L atomic electron shells in Ni is 7.31 keV,
which is determined from the difference between corresponding atomic-shell binding
energies [96]. This small difference compared to the energy resolution of the detector
means there will always be overlapping peaks. The ratio of intensities between the K
and L peaks is also constrained for pure E2 transitions using the theoretical values
from BrIcc [86].
As discussed in Section 3.3, the ‘Super-e’ solenoid operates by sweeping the mag-
netic field through a range of values between a specified minimum and maximum. The
electrons must make 2.5 orbits around the field axis before hitting the Si(Li) detector in
order to avoid interactions with the baﬄes or diaphragm. The strength of the magnetic
field of the solenoid magnet was recorded for each energy detection in Miel. Using the
measured field value, a gate can be placed on the inverse of the cyclotron radius, 1/ρ, to
remove unexpected events such as incomplete charge collection and other background
contributions. This improves the peak-to-background ratio of e− spectra.
The cyclotron radius is the radius of a charged particle moving in a uniform
magnetic field, with respect to the field axis. From the data set, the cyclotron radius
is simply calculated using the magnetic rigidity, Bρ,
1
ρ
=
B
Bρ
=
Bmec
2
A
· 1√
T 2 + 2mec2T
(4.11)
where A is a constant determined through simulations of the magnet carried out at
the Australian National University, B is the magnetic field strength in Gauss, T is the
electron energy in keV and me is the mass of the electron so that mec
2 = 511 keV [97].
Figure 4.4 shows the 1/ρ histogram for the 62Ni data set with a peak at approx-
imately 0.039 mm−1. In order to optimize the relationship between the peak height of
the 2+1 → 0+1 transition and the peak-to-background ratio, a number of spectra were
plotted, gated on each reasonable combination of the larger and smaller values of 1/ρ.
The counts in the peak of the 2+1 → 0+1 transition in the electron spectrum of 62Ni
were multiplied by the peak-to-background ratio, shown in Figure 4.5. The peak-to-
background ratio is defined by the number of counts in the peak divided by the number
of counts in the background underneath that peak. From Figure 4.5, it can be seen
that the optimal gate is between 0.035 mm−1 and 0.043 mm−1.
The final gate that is applied to the Miel spectra is shown in Figure 4.6, which
also shows the relationship between the magnetic field and the detected energy of
the electron. The width of the gate increases as a function of energy and this larger
momentum acceptance window is responsible for the increasing Miel efficiency as a
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Figure 4.1: (a) γ-ray and (b) e− energy spectra for 58Ni. In (c) a magnified portion of the
e− energy spectrum is shown, demonstrating the quality of the peak fitting of overlapping K
and L electron peaks, where the width is a constant parameter. The black dashed line is a fit
of the background, which has a proportional step underneath each peak. The contribution
from conversion in higher atomic orbitals is omitted as it is small. The reduced chi-squared
of the fit to the data is 1.4.
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Figure 4.2: (a) γ-ray and (b) e− energy spectra for 60Ni. The reduced chi-squared of the
fit in (c) is 1.0.
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Figure 4.3: (a) γ-ray and (b) e− energy spectra for 62Ni. The reduced chi-squared of the fit
in (c) is 1.2. The L peaks at 1163 and 1172 keV have their intensities constrained by their K
peaks at 1155 and 1165 keV, as they are E2 transitions. The K peak at 1120 keV is a mixed
transition of E0 +M1 + E2 and so the intensity ratio is left as a free parameter in the fit.
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Figure 4.4: The inverse of the cyclotron radius, ρ, for the 62Ni electron data at all energies.
In order to plot the e− spectrum with the best possible peak-to-background ratio, a gate is
placed on this quantity shown by the blue dashed lines, obtained from Figure 4.5.
Figure 4.5: The number of counts in the 2+1 → 0+1 electron peak of the 62Ni data, multiplied
by the peak-to-background ratio, for all reasonable gates on the 1/ρ peak as seen in Figure
4.4.
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function of energy, as will be shown in Section 4.3.
Figure 4.6: The magnetic field against the detected energy of the electron for the 62Ni
data. The red dotted line shows the boundaries of the 1/ρ gate shown in Figure 4.4.
4.2 Confirming the Data Quality and Consistency
Prior to a full analysis of the data, they must be checked for consistency. A
complete cycle is defined as when the magnetic field is swept from the minimum to
maximum value and back to the minimum value again. Only complete cycles are used
in the data; if there is a partial cycle then it is excluded from the sort. Partial cycles
are identified by plotting the magnetic field value as a function of entry number (i.e.
the nth event within an experimental run) within the data file, which clearly indicates
incomplete cycles. For each cycle, the ratio of e− to γ rays is plotted for the intense
2+1 → 0+1 transition. If there is a large discrepancy, that cycle is also removed from the
analysis. The counts in the 2+1 → 0+1 transition in the HPGe spectrum are also plotted
as a function of magnetic field in order to determine an additional correction for the
e− counts.
4.2.1 Data from the 58Ni Target
There are three data sets taken with the 58Ni target, each with a different ex-
perimental setup. In the first, the proton energy was set to 6.8 MeV at an intensity of
140 nA. Both of the HPGe detectors are present in this experimental setup. For the
purpose of protecting the closest HPGe detector (‘Aptherix’) from neutron damage, it
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was removed for a second data set such that the beam intensity could be increased to
800 nA. In the third setup, the proton energy was increased to 9.2 MeV at a rate of
200 nA. Due to time constraints the sweeping range of the magnetic field was reduced
in this third setup. The internal conversion coefficients in 58Ni are determined sepa-
rately for each cycle within the three data sets. The final values are then determined
with the Limitation of Relative Statistical Weights (LRSW) method of calculating a
weighted average between the three experimental setups. This method is chosen as it
avoids being influenced by outliers with small precision [72].
The normalised ratio of the e− to γ rays in the 2+1 → 0+1 transition, for each cycle
of the 58Ni data set, is shown in Figure 4.7. As the cycles numbered 6 and 9 are so
discrepant, they are removed from the data set prior to further analysis. In all other
cycles, the ratio does not vary by more than 10 %. It is unknown exactly why there
would be discrepant cycles; it could be due to a change in the incident beam spot on
the target, or influence of the magnetic field over the nearby analogue electronics.
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Figure 4.7: The normalised ratio of e− to γ rays in the 2+1 → 0+1 transition, in each
cycle of the 58Ni data set. The dashed grey lines indicate the separation between the three
experimental setups. Cycles 6 and 9 are removed from the data set prior to further analysis.
For each of the three experimental setups, the counts in the 2+1 → 0+1 transition
in the HPGe spectrum (normalized to the average value) as a function of magnetic
field, are shown in Figure 4.8. As the γ rays have no dependence on the solenoid
magnetic field, it is expected the counts will be constant at all field values. However,
it is clear that this is not the case as a trend is observed. There could be a number
of factors responsible for these observed non-linear trends. There was usually a beam
tuning between runs leading to a different beam position on the target over the course
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of the following run, compared to the previous runs. It is possible that the magnetic
field affects the integration in the Faraday cup i.e. that the integrated charge is not
purely from the beam. It is also possible that the magnetic field interferes with the
nearby electronics and/or suppressor, returning false events or omitting genuine events.
A third order polynomial was fitted to each which was later converted to a function
dependent on energy and applied to the number of e− counts, effectively as an efficiency
correction. The correction was only made to the electron counts because the logic of
recording the field values is on the e− counts and not the γ rays.
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Figure 4.8: The normalised γ-ray counts in the 2+1 → 0+1 transition, for each experimental
setup, as a function of magnetic field. The red line was fitted to the data with a third order
polynomial, which was later used as an adjustment parameter.
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4.2.2 Data from the 60Ni Target
The normalised ratio of e− to γ rays recorded for the 2+1 → 0+1 transition varies
by as much as 10 % in each cycle of the 60Ni data set, as shown in Figure 4.9. Cycle
number 6 is excluded from the data set due to its discrepancy. The normalised counts
of γ rays recorded for the 2+1 → 0+1 transition, as a function of magnetic field, are
shown in Figure 4.10. A series of straight lines was fitted to the data, which is later
used as an adjustment parameter in the number of e− counts.
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Figure 4.9: The normalised ratio of e− to γ rays in the 2+1 → 0+1 transition, in each cycle
of the 60Ni data set.
4.2.3 Data from the 62Ni Target
The normalised ratio of e− to γ rays recorded for the 2+1 → 0+1 transition does
not vary by more than 5 % in each cycle of the 62Ni data set, as shown in Figure
4.11. As a result, each cycle in the data set is conserved for analysis. The normalised
counts of γ rays recorded for the 2+1 → 0+1 transitions are shown in Figure 4.12 as a
function of magnetic field. The counts are normalised to the mean of the first half of
the distribution. Two second-order polynomials were fitted to the data, separated at
3450 Gauss, which was later applied to the e− counts as an adjustment parameter.
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Figure 4.10: The normalised γ-ray counts in the 2+1 → 0+1 transition in 60Ni, as a function
of magnetic field. The red line is was fitted to the data with a series of straight lines, which
was later used as an adjustment parameter.
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Figure 4.11: The normalised ratio of e− to γ rays in the 2+1 → 0+1 transition, in each cycle
of the 62Ni data set.
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Figure 4.12: The normalised γ-ray counts in the 2+1 → 0+1 transition in 62Ni, as a function
of magnetic field. The red line was fitted to the data with two second order polynomials,
which was later used as an adjustment parameter.
4.3 Calibration of Detection Efficiency
A 171Yb foil of 95.1 % isotopic enrichment and a thickness of 2 mg/cm2 was irradi-
ated in the irradiation station at the ANU. Over a period of 16 hours, an 18 MeV proton
beam with an intensity of 25 nA was impinged upon the target. The rate of 25 nA was
limited by the levels of radiation in the experimental hall. One of the isotopes pro-
duced in this reaction, 170Lu, decays to excited states of 170Yb and subsequently emits
a large number of γ rays and conversion electrons between 20 keV and 3.4 MeV. This
large number of discrete transitions is extremely useful in determining the efficiency of
the detectors used in the setup, particularly as the internal conversion coefficients of
many of these transitions have been measured before [98].
4.3.1 HPGe Efficiency
There were two source measurements during the course of this experiment; the
first was the 170Lu foil at the beginning of the experiment, the second was a 56Co source
just before the removal of the ‘Aptherix’ HPGe detector. Electrons were only measured
for the 170Lu source where the magnetic field was sweeping between two values with
each step length determined by a fixed period of time, as there is no beam current to
integrate. Neither of the sources have a known activity, so only the relative efficiency
of each detector may be determined.
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The relative efficiency of the ‘Aptherix’ HPGe detector is shown in Figure 4.13.
The two sets of data points from the two source measurements have been merged
together with a χ2 minimization. The standard HPGe efficiency curve is [99]
y(n) = exp
[
a1(n− n0)2 + a2 + a3 · n+ a4 · n0(2n− n0)
]
T ≤ T0
y(n) = exp
[
a2 + a3 · n+ a4 · n2
]
T > T0 (4.12)
where n = ln(T ), T is the energy of the γ ray in MeV, ai are coefficients of the fit and
T0 is the energy where the HPGe efficiency typically peaks. As there are only a few
data points at the typical region of T0, and as there are no transitions of interest in the
low-energy region, only the higher energy curve was fitted to the data in Figure 4.13.
As such, the data points from the T0 region were excluded from the fit.
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Figure 4.13: The relative efficiency of the ‘Aptherix’ HPGe detector. The data points from
the 170Lu and 56Co sources are combined together with a χ2 minimization. The standard
HPGe efficiency curve in Equation (4.12) was fitted to the data points and shown by the
black dashed line. Only the higher energy equation was fitted so the few data points in the
region of T0 were excluded from the fit.
The ‘Odin’ detector was further away from the target position and so no tran-
sitions from 170Lu were observed. Only the most intense peaks in 56Co were observed
and plotted in Figure 4.14. A fit of Equation (4.12) does not best represent the data
points, possibly due to the large target-detector distance. A single-parameter expo-
nential curve was fitted to the data with a reduced χ2 value of 0.95;
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Figure 4.14: The relative efficiency of the ‘Odin’ HPGe detector. An exponential curve
was fitted to the data points with a reduced χ2 value of 0.95.
4.3.2 Miel Efficiency
Only the 170Lu source run was measured using the sweeping magnetic field of the
spectrometer, and so only this source was used to determine the relative efficiency of
the ‘Miel’ e− detector. The theoretical transport efficiency of the ‘Super-e’ solenoid is
y(T ) =
A
mec2
·
√
(T 2 + 2meT ) (4.13)
where A is a parameter of the fit, me is the rest mass of an electron, c is the speed of
light and T is the kinetic energy of an electron. This theoretical efficiency was fitted to
the data points in Figure 4.15. There is an over-estimation at higher energies as any
consideration of the detector efficiency is neglected.
A Geant4 [100] simulation was carried out with the aim of determining the re-
sponse of the electron detector to electrons of increasing energy. Geant4 is a Monte
Carlo programming toolkit that allows a virtual copy of a detector to be modelled
and simulated with known physical interactions. The geometry simulated was that of
the individual detector segments and the Hevimet shielding between them. At each
energy, 10 million electrons were fired in a random (x,y) position around the origin of
the target with a Gaussian distribution of width 2mm, to replicate the effect of a beam
spot. The electrons were fired in a uniform distribution of (θ, φ) within the limits of
16 < θ < 47 degrees. This limit of θ was determined by simulations carried out at
the Australian National University [23]. The uniform magnetic field was also included
and set to a value such that each e− of energy T made 2.5 orbits before reaching the
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Figure 4.15: The relative efficiency of the ‘Miel’ e− detector. The red line is the theoretical
transport efficiency of the lens. The green line includes the detection efficiency obtained
through Geant4 simulations, and the blue line includes an additional parameter to take the
sweeping mode of the lens into account.
detector. This orbiting corresponds to an incident angle onto the detector at approx-
imately the normal angle to the detector surface. The simulated ratio, R, of events
that deposit their full energy in the detector, to the total number of e− that touch the
detector, is shown in Figure 4.16. The error on the number of counts, A is taken to be√
A but as 10 million events were used for each energy, the error bars are negligble.
A third-order polynomial was fitted to the simulated data in Figure 4.16. This
polynomial was then multiplied by the transport efficiency in Equation (4.13) to obtain
the green dashed line in Figure 4.15 which consistently under-estimates the efficiency
at energies larger than 800 keV. This under estimation is due to an over simplification
in the Geant4 simulation i.e. the sweeping mode of the detector was not taken into
account. In the simulation, each electron of energy T takes 2.5 orbits around the
magnetic field axis before reaching the detector. The majority of events in the detector
will then be at the outer edge. However, in the sweeping mode there is a window of
energies at each field strength, as shown in Figure 4.6, taking a different number of
orbits and producing an alternative hit pattern. To account for the increasing window
the efficiency was multiplied by a second-order polynomial, as shown by the blue dashed
line in Figure 4.15.
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Figure 4.16: The simulated ratio, R, of full-energy events to total events that reach the
detector i.e. the detection efficiency as a function of energy of the electron. A third order
polynomial has been fitted to the simulated data.
4.4 Determining (E2/M1) Mixing Ratios
The CAESAR array at the Australian National University was set up to use all 9
of the available HPGe detectors over a range of θ angles, to allow for the measurement
of angular distributions of γ rays emitted from excited states. There are, in principle,
two ways to obtain the distribution of γ rays as a function of detector angle. The
first is the efficiency independent method and the second is the efficiency dependent
method. These two approaches are described here.
4.4.1 Efficiency Independent Method
Although this method is independent of the absolute efficiency of the different
detectors, it does assume that the response function of all the detectors has the same
shape as a function of energy i.e. that the relative efficiency is the same for each
detector. This method could still be used as a quick check of the alignment in a
reaction, for example.
As the 0+2 → 2+1 transition de-excites from a 0+ state the angular distribution
should be isotropic, as discussed in Section 2.4.1. Therefore, by dividing the number
of counts in the transition of interest by the counts in the 0+2 → 2+1 transition, one can
obtain an efficiency independent distribution. In other words, if the number of emitted
counts is given by I then
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Ix =
Ax
εx
(4.14)
where A is the number of counts detected, ε is the efficiency and x is the transition
label which, in this case, will be the spin of the parent state. The number of counts in
the 2+2 → 2+1 transition, for example, are then given by
I2 = I0 · A
2
A0
ε0
ε2
= C · A
2
A0
(4.15)
where
C = I0 · ε
0
ε2
(4.16)
is a scaling parameter that does not change the results obtained from fitting the angular
distribution function. The scaling parameter is also independent of the transition
as it only includes information from the transition of interest and the normalization
transition. However, it does assume that the relative efficiency of each detector is the
same else each detector would have a different value of C. For this reason, the efficiency
dependent method was used.
4.4.2 Efficiency Dependent Method
The relative efficiency was determined through the combination of the 170Lu and
56Co source data, normalized to one another through a minimization of the reduced
χ2. The standard HPGe efficiency curve given by Equation (4.12) was then fitted to
the data and the coefficients for each detector are listed in Table 4.1.
Coefficients
Detector a2 a3 a4
0 6.780(2) -0.706(11) -0.094(14)
1 7.088(2) -0.642(10) -0.094(12)
2 7.041(2) -0.665(11) -0.092(13)
3 6.680(3) -0.841(13) -0.073(17)
4 6.572(3) -0.716(13) -0.100(17)
5 6.374(3) -0.708(13) -0.127(17)
6 7.281(2) -0.720(9) -0.077(11)
7 7.853(2) -0.556(7) -0.114(9)
8 7.233(2) -0.680(9) -0.122(11)
Table 4.1: The efficiency curve coefficients ai in Equation (4.12) determined for each of the
nine HPGe detectors in the array.
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The central position of the nine HPGe detectors, which were measured in the
support structure by ruler and geometry, are listed in the second column of Table 4.2.
The uncertainty in the position is the geometric uncertainty obtained through physical
measurement.
Angle of Best Fit
Detector Measured Angle 58Ni 60Ni 62Ni
0 35.5(5) 33.7(11) 38.7(6) 38.3(6)
1 83.3(5) 86(2) 80.2(9) 86.5(8)
2 48.0(5) 44.9(14) 46.4(7) 44.9(6)
3 33.5(5) 30.7(12) 36.4(7) 36.3(6)
4 81.5(5) 84(3) 78(1) 82(1)
5 49.0(5) 46.2(19) 47.7(8) 49.7(7)
6 50.9(10) 48.1(15) 48(1) 47.7(10)
7 43.3(10) 43.0(13) 46(1) 46(1)
8 48.2(10) 48.3(16) 46(1) 45(1)
Table 4.2: Detector angles (in degrees) with respect to the beam axis, before and after the
angle adjustments for each of the Ni targets.
For a transition from a 0+ state, an isotropic distribution is expected. An example
of this is shown in the left of Figure 4.17 which displays the angular distribution of
the 0+2 → 2+1 transition in 60Ni. It can clearly be seen that the distribution in Figure
4.17 is not isotropic. It is assumed then that there is a difference in relative efficiencies
between the source measurements and the in-beam experiments, probably due to an
offset of the source location and beam spot. An additional parameter was introduced
and adjusted for each detector, and each target, in order to make the distribution
isotropic as shown in the right of Figure 4.17. The adjustment parameter was obtained
from a weighted average of two transitions from a 0+ state and shown in Table 4.3.
The standard error in the mean was included in the error shown. A linear fit was made
to the data shown in Figure 4.17 with a reduced χ2 of 0.8.
The corrected emission position will also change the angle of each detector by
a small amount. In order to find the correct set of angles for each target the pure
stretched E2 2+1 → 0+1 transition angular distribution was plotted and, for each de-
tector, the angle was adjusted until a minimum in the goodness of fit was obtained.
The process was used for any observed pure E2 transition from a 2+ state to a 0+
state and a weighted average was taken; the standard error in the mean was added
in quadrature to the error in the angle. The boundaries of the angle adjustment are
defined by the maximum possible beam spot offset (5 mm). Figure 4.18 compares the
angle adjustment for the 2+1 → 0+1 angular distribution. The fit of the function has a
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Adjustment Parameter
Detector 58Ni 60Ni 62Ni
0 1.027(20) 0.958(5) 0.924(4)
1 0.974(15) 1.004(5) 0.998(4)
2 1.267(22) 1.203(6) 1.190(5)
3 1.081(24) 1.049(6) 0.970(5)
4 0.907(19) 0.965(6) 1.067(6)
5 0.967(25) 0.959(6) 0.923(6)
6 0.953(14) 0.976(4) 0.995(4)
7 0.956(11) 0.955(3) 0.959(3)
8 0.949(15) 0.976(4) 1.025(4)
Table 4.3: The adjustment parameters required to make the 0+2 → 2+1 distribution isotropic
for each Ni target.
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Figure 4.17: The angular distribution for the 952 keV 0+2 → 2+1 transition in 60Ni, with
and without correction for target and source position differences.
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reduced χ2 value of 7, compared to 48 prior to the adjustment. The new angles for
each of the Ni targets are shown in Table 4.2.
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Ef
fic
ie
nc
y 
Ad
jus
ted
 C
ou
nts
 [a
rb.
]
650
700
750
800
850
900 (a)
]pi [θ
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Ef
fic
ie
nc
y 
Ad
jus
ted
 C
ou
nts
 [a
rb.
]
650
700
750
800
850
900 (b)
Figure 4.18: The angular distribution for the 1332 keV 2+1 → 0+1 transition in 60Ni (a) prior
to and (b) following the angular adjustment. Prior to the adjustment the fit of Equation
(2.11) has a reduced χ2 value of 48. After the adjustment, the reduced χ2 is 7.2.
For every transition of interest, the alignment was first determined by fitting
Equation (2.11) to the distribution from the parent state to the 0+ ground state. As
this is a pure transition, it is trivial to assume and fix the tabulated angular distribu-
tion coefficients in order to determine the alignment coefficients from the fit. The only
free parameter in Equation (2.11) is the normalization N . For each fit, the χ2 was cal-
culated and plotted in. For example, Figure 4.19 shows the χ2 for the spin-normalized
alignment σ/J values of the 2+2 → 0+1 transition in 60Ni. The central value was taken
from the minimum of the plot and, for a fit of one free parameter, the 1σ errors were
defined by a change in χ2 of 1, as described in Ref [101]. This χ2 reduction technique
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is used frequently throughout this thesis. From Figure 4.19 a σ/J value of 0.72+0.03−0.02
was obtained.
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Figure 4.19: The χ2 plot as a function of σ/J for the 2158 keV 2+2 → 0+1 transition in 60Ni,
with the inset showing the region around the minima.
Once the σ/J values (and subsequently the αk values in Equation (2.11)) are
obtained, the mixing ratio is determined in a similar manner, by keeping αk and Ak
constant for each value of δ and letting only N be the free parameter of the fit.
4.5 Determining Electric Monopole Transition
Strengths, ρ2(E0)
For each observed transition, the number of counts in both the e− and γ-ray
spectrum were measured. Usually, the internal conversion coefficient, α, was obtained
by simply taking the ratio of measured counts, A, multiplied by the absolute efficiencies,
, i.e.
αk =
Ae
Aγ
· γ
e
(4.17)
However, as the sources used in the calibration have an unknown activity, only the
relative efficiency, ε, is known for each device shown in Figures 4.13, 4.14 and 4.15. As
such, α can only be determined by using a normalization transition in order to align
the two relative efficiency curves of the e− and γ-ray detector. Using ε, the internal
conversion coefficient was calculated from
4.5: Determining Electric Monopole Transition Strengths, ρ2(E0) 60
αk =
ATe
ATγ
· η · ε
T
γ
εNγ
· ε
N
e
εTe
(4.18)
where T is the transition of interest, N is the normalization transition, which is typically
the pure E2 transition from the 2+1 to the ground state, and η is the normalization
parameter
η =
ANγ
ANe
· αNk (4.19)
Using the mixing ratios and conversion coefficients determined in this experiment,
along with previously measured experimental values, such as the half-life of the parent
state and branching ratios, the ρ2(E0) value can be determined from [5]
ρ2(E0) =
1
Ωk(E0) · τk(E0) (4.20)
where Ω is the electronic factor obtained from BrICC [86] and τ(E0) is the partial
mean lifetime of the E0 transition. This is obtained from
τ(E0) =
∑
λr
λr(E0)
· τ (4.21)
where λr is a relative decay constant and τ = T1/2/ ln(2) [4]. There is a summation
over all λi, which is calculated for each available decay mode from the parent state.
An example is shown in Table 4.4 for the 2+2 → 2+1 transition in 62Ni. For each decay
mode the method of determining λi is listed, apart from the 2
+
2 → 0+1 transition, which
is determined from the branching ratios and total coefficient αk + αpi.
A number of the input values, particularly the parent half-life and mixing ratios,
have asymmetric uncertainties. These asymmetric values can easily lead to an incorrect
uncertainty on the final value when calculated through traditional error propagation.
Using the error propagation method can also result in unphysical regions being included
in the 1σ uncertainty. As such, the final value in this work is determined through a
Monte Carlo method.
In the Monte Carlo method, it is assumed that each experimental value used
as an input is a normal distribution with a mean and width given by (µ, σ). This
is not always true but cannot be avoided as experimenters do not generally publish
distributions of their final values. For each event in the Monte Carlo simulation, a
random number was chosen from each distribution of (µ, σ) and used to calculate and
fill a distribution of ρ2(E0), using the same method shown in Table 4.4. An example
distribution for the 2+2 → 2+1 transition in 62Ni is shown in Figure 4.20. An estimator
of the distribution is the mean, shown by the solid red line [102]. It is different to
the calculated value using the central values of the inputs, as the distribution is not
normal. The confidence limits are determined by re-arranging the distribution from
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i Transition Multipolarity Mode Method λi
0 A (2+2 → 2+1 ) E2 γ Set to 1 1
1 e− λ0 · αk(E2) 1.637 ×10−4
2 pi λ0 · αpi(E2) 1.94 ×10−6
3 M1 γ λ0/δ
2 0.1
4 e− λ3 · αk(M1) 1.42 ×10−5
5 pi λ3 · αpi(M1) 1.35 ×10−7
6 E0 e− λ1 · q2k 4.42 ×10−5
7 pi λ6 · Ωpi/Ωk 1.72 ×10−5
8 B (2+2 → 0+1 ) all 1.36
A λr(E0) λ6 + λ7 6.14 ×10−5
A & B
∑
λr 2.46
Table 4.4: The calculation of λr for each possible decay mode from the 2
+
2 state in
62Ni.
The errors are excluded in this Table but are determined for the final value with a Monte
Carlo method, shown in Section 4.5.
highest to lowest and counting until 68 % of the distribution is included, which gives
limits when y(x1) = y(x2) [103].
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Figure 4.20: An example distribution of ρ2(E0) for the 2+2 → 2+1 in 62Ni, produced by the
Monte Carlo method. The solid red line is the mean of the distribution and the shaded error
is the 68% confidence limit, or 1σ.
In the example shown in Figure 4.20 there is a small fraction of the distribution in
the unphysical region where ρ2 < 0. It is also possible that the mean itself is negative
when the measured α is less than the experimental value i.e. when there is little to no
E0 component. An example of a distribution with a negative mean of -100 is shown
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in Figure 4.21.
 (E0) [milliunits]2ρ
1000− 800− 600− 400− 200− 0 200 400 600 800 1000
In
te
ns
ity
 [a
rb.
]
0
0.0005
0.001
0.0015
Figure 4.21: An example distribution with a negative mean, produced by the Monte Carlo
method. The solid red line is the mean of the distribution and the shaded error is the 68%
confidence limit, or 1σ.
In the Bayesian model, it would be simple to take the product of this distribution
with a ‘prior’ distribution, which is a chosen function of everything known about the
expected value. In this case, a distribution that is constant for x > 0 and 0 for x ≤ 0
could be chosen. However this is considered an arbitrary solution [102]. The alternative
is the Neyman construction using the Feldman-Cousins ordering principle [102]. In this
method, the distribution was used to determine the upper and lower limit in each true
value of ρ2(E0) i.e. each y-slice in Figure 4.22.
The Feldman-Cousins ordering principle is an alternative way of determining the
confidence limits i.e. instead of simply rearranging the distribution from maximum to
minimum, a separate ratio is calculated from [104]
R =
P (x|µ)
P (x|µbest) (4.22)
where µbest is the most likely value of µ in the physical (i.e. x > 0) region. The
distribution is then ordered from the highest value of R to the lowest and counted
again until 68 % of the distribution is obtained. This method essentially adjusts the
coverage of the confidence region to remain in the physically allowed area. The method
was confirmed by reproducing the Neyman construction in Ref [105]. Using the ex-
ample distribution of Figure 4.21, the Feldman-Cousins ordering principle was used to
determine the confidence limits for the Neyman distribution in Figure 4.22. As the
measured mean value is -100, a dashed line is drawn to determine the upper limit of
+100.
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Figure 4.22: A Neyman construction [102] using the distribution in Figure 4.21. The
Feldman-Cousins ordering principle [104] was used to determine the upper and lower limits,
such that a measured negative value of 100 corresponds to an upper limit of +100.
Chapter 5: Results and Discussion
The results of the experimental measurements are presented in this Chapter. In
Section 4.4 it was shown how the (E2/M1) mixing ratios may be determined from
angular distributions of γ rays, if the alignment of the state of interest is known. A
number of 2+ → 2+ transitions are observed in the data set for 58,60,62Ni, from which the
mixing ratio is measured, and shown in Section 5.1. The internal conversion coefficients
measured from the ratio of counts between the electrons and γ rays are shown in Section
5.3 which, when combined with other experimental data, are used to calculate the E0
transition strengths via Monte Carlo error analysis which is discussed in Section 5.4.
5.1 Measured (E2/M1) Mixing Ratios
The measured (E2/M1) mixing ratios, δ, are shown in Table 5.1 for each of
the observed and measurable 2+ → 2+ transitions in the data set. A transition is
considered measurable if the alignment of the parent state can be determined. In order
for this to be the case there must be a transition from the parent state to a 0+ state.
In addition the transition of interest must not be overlapping with any contamination
lines in the spectra. The solid angle effects of the detector were also investigated
and found to be negligible compared to the statistical error from the counts [106].
There is generally a good agreement with the adopted values listed in the Nuclear
Data Sheets [63, 107, 108]. The values obtained in the present work are averaged with
all of the previously measured values (rather than just the adopted value) using the
Limitation of Relative Statistical Weight (LRSW) technique [72] and listed in the final
column of Table 5.1. For a few of the transitions there are two values reported as
there are two minima in the χ2 plots. In these particular transitions, there are usually
two values listed in the literature, so care is taken to use the appropriate value in
determining the average.
The new measurement of the (E2/M1) mixing ratio of the 826 keV 2+2 → 2+1
transition in 60Ni is included with previous literature values in Figure 5.1. The blue lines
show the average value, and associated uncertainties, using the previously measured
values (δ = +0.55(27)). The addition of the new measurement adjusts the average
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slightly but significantly reduces the uncertainty (δ = +0.58(14)), shown by the red
lines.
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Figure 5.1: An update to Figure 1.5 in Chapter 1 including the experimental measurement
presented in this thesis for the (E2/M1) mixing ratio of the 826 keV 2+2 → 2+1 transition
in 60Ni [64, 65, 67–71]. The average value and asocciated uncertainties is determined by the
Limitation of Relative Statistical Weight (LRSW) technique [72] and shown by the blue lines
with this inclusion of the new measurement.
The χ2 minimization plots and angular distribution fits for each transition in
Table 5.1 are shown in Figures 5.2 and 5.3, respectively. In many of the χ2 plots it can
be seen that there are two minima with similar χ2 values, hence why two values are
listed.
The alignment of each state is plotted in Figure 5.4 as a function of the energy
level. There is a general trend that higher levels have a greater alignment (a smaller
number corresponds to greater alignment). The highest degrees of alignment will be
achieved through direct population in the reaction. The reduced alignment observed
in the lower-lying states is most likely because the states are also fed by gamma-ray
transitions from other states instead of direct population. The data point shown for
62Ni does have a good alignment at low excitation energy because the much lower
proton beam energy results in only a few states being populated in this nucleus.
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Figure 5.2: The χ2 minimization plots (with 7 degrees of freedom) for each of the transitions
listed in Table 5.1. The χ2 is determined for δ(E2/M1) values in small steps of 0.01.
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Figure 5.3: The angular distribution plots for each of the transitions listed in Table 5.1.
The red line is the central value and the two blue lines correspond to the maximum and
minimum values from the errors.
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Figure 5.4: The alignment (σ/J) of each state as a function of the energy level. The data
point shown for 62Ni does have a good alignment at low excitation energy because the much
lower proton beam energy results in only a few states being populated in this nucleus.
5.2 Calculation of Reduced Transition Probabili-
ties, B(M1) and B(E2)
In Section 5.1, the E2/M1 mixing ratio was measured for ten transitions in the
Ni isotopes, some of which have two values reported due to the dual minima in the χ2
minimization plots. These new measurements were averaged with previous literature
values and shown in Table 5.1. Using the new averaged values the reduced transition
probabilities, B(M1) and B(E2), for a mixed transition are calculated via
B(M1) =
(
1
1 + δ2
)
3.17× 107
E3γ · τp · (1 + αT )
(5.1)
and
B(E2) =
(
δ2
1 + δ2
)
1.37× 1019
A4/3 · E5γ · τp · (1 + αT )
(5.2)
where B(λL) is in Weisskopf units, τp is the partial mean lifetime in ps, Eγ is the
transition energy in keV and αT is the coefficient for all other possible decay modes
including internal conversion and internal pair formation, typically taken from theory
[112]. The Monte Carlo error analysis that is detailed in Section 4.5 was also used to
calculate a distribution of B(λL) values and the median was used as the estimator
of the distribution. The calculated B(M1) and B(E2) values are shown in Table
5.2 and compared to the adopted values in the Nuclear Data Sheets [63, 107, 108],
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where available. The new measurements of mixing ratios in this work allow for a
number of transition strengths to be determined for the first time. There are a number
of transitions with a δ value of approximately 0, which creates an asymptotic-like
distribution at 0 for B(E2) values. Hence, for these values, an upper limit was chosen
which covers the first 68 % of the data.
5.3 Measured Internal Conversion Coefficients
The ratio of the measured internal conversion coefficients (for the K shell) to the
theoretical values from BrIcc [86] are shown in Figures 5.5, 5.6 and 5.7 for each of the Ni
isotopes studied. The blue data points show the E2 transitions which should agree well
with the theoretical values and lie on the line of unity. The red points show the mixed
2+ → 2+ E0 + M1 + E2 transitions which are compared to the theoretical M1 + E2
value obtained from δ, such that the excess above unity represents the strength of the
E0 component.
The K conversion coefficients for 58Ni in Figure 5.5 are taken from averaging
the three available data sets, using the LRSW technique. There is generally good
agreement with the theoretical values apart from the low-energy transitions. The
1321 keV transition is contaminated with a 1316 keV transition, which is inseperable in
the electron spectrum. The half-life of the parent state of the transition of interest is
short enough to expect a Doppler component. This is taken into account in the γ-ray
counts (and angular distributions) through inflation of errors based upon reasonable
ratios of the two transitions. In the electron spectrum, the shape parameters of the
peaks are based upon the 1408 keV transition in a 54Fe data set [113], that was taken
in the same beam time.
The 1316 keV contaminant is in 58Ni but comes from the 3775 keV 3+2 state decay-
ing to the 2459 keV 4+1 state. The measured K conversion coefficient for the 1316 keV
transition is 1.6(2) ×10−4 which is closer to the theoretical value for an M2 or E3
transition, rather than M1 or E2 [86]. However, if the spins and parities of the states
are correct then these multipolarities are forbidden, as an M2 or E3 transition requires
a change in parity. D.F.H. Start et al. [110] deduced that, through angular correlation
measurements, the 3775 keV state is either 2+, 3+/− or 4+. Based purely on the mea-
sured K conversion coefficient, it could be argued that the state is 3−. However, there
are many transitions to 2+ states with significant B(E2) strengths, suggesting that the
3775 keV state is another 2+.
The 1448 keV and 1454 keV transitions are another pair that are inseparable in
the electron spectrum. At higher energies there is agreement with the theoretical values
but the errors are large due to the low number of electron counts. The central values
of the 1584 keV and 1810 keV mixed 2+ → 2+ transitions lie below the line, suggesting
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there is no E0 component but as the uncertainty crosses unity, an upper limit of the
E0 strength will be determined.
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Figure 5.5: The ratio of the measured K conversion coefficients to the theoretical values
from BrIcc [86] for each transition in 58Ni. For the mixed E0 + M1 + E2 transitions the
M1+E2 theoretical value is used, determined from the averaged mixing ratio shown in Table
5.1.
Figure 5.6 shows the measured K conversion coefficients for 60Ni. Almost all
of the measured coefficients agree with the theoretical values apart from the 952 keV
0+2 → 2+1 transition. There is no known reason why the measured value is too large (i.e.
there are no known contaminants in the peak or any observed over-lapping transitions).
The 1787 keV and 1791 keV are another pair of transitions that are inseparable in the
electron spectrum and so the shape parameters were fixed. However, the parent state
has a half-life of 0.23+17−10 ps [63] so the γ-ray peak may be Doppler shifted. The error
from the γ-ray fit was therefore inflated in the same manner discussed earlier. All of the
other E2 transitions agree well with the theoretical values and the mixed E0+M1+E2
transitions show little to no E0 components.
There are only a few transitions observed in the electron spectrum for the 62Ni
target. The measured K conversion coefficients for the transitions that are observed are
shown in Figure 5.7. The first three transitions are close in energy but are separable
in the electron spectrum, as shown in Figure 4.3 as an example of multi-peak fitting.
Despite this, the 1172 keV transition is lower than the theoretical value also for reasons
unknown. The mixed E0 +M1 + E2 transition displays a large E0 component.
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Figure 5.6: The ratio of the measured K conversion coefficients to the theoretical values
from BrIcc [86] for each transition in 60Ni. For the mixed E0 + M1 + E2 transitions the
M1+E2 theoretical value is used, determined from the averaged mixing ratio shown in Table
5.1.
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Figure 5.7: The ratio of the measured K conversion coefficients to the theoretical values
from BrIcc [86] for each transition in 62Ni. For the mixed E0 + M1 + E2 transitions the
M1+E2 theoretical value is used, determined from the averaged mixing ratio shown in Table
5.1.
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The measured internal conversion coefficients for each Ni isotope are collated
together and shown in Figure 5.8 as a function of transition energy. Though there are
a couple of E2 transitions that do not agree with the theoretical results, there is a
reasonable consistency over all energies.
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Figure 5.8: The ratio of the measured K conversion coefficients to the theoretical values
from BrIcc [86] for each transition in 58,60,62Ni, as a function of transition energy. For the
mixed E0 + M1 + E2 transitions the M1 + E2 theoretical value is used, determined from
the averaged mixing ratio shown in Table 5.1.
In both the 60Ni and 62Ni data sets the 0+2 → 0+1 transition is observed. As
there are no γ rays in a 0+ → 0+ transition, there is no conversion coefficient to
compare to. However, the q2k values have been measured previously. In
60Ni, the q2k
value was measured in this experiment to be 0.079(8), which agrees well with the
previously measured value of 0.074(16) [56]. For 62Ni the q2k value was measured at
0.119(14), which only agrees with the previous value of 0.084(11) [56] within 2σ. In
both instances the q2k value was only measured once before by looking at the internal
pair formation [56]. The efficiency of a pair spectrometer is generally measured by using
the theoretical models for pi decay. In Section 2.6 it was shown that, at the time of this
measurement, the theoretical models used to determine the coefficients and separation
angles in pi decay were based on a Born approximation, which has been shown to be
unreliable [88]. Other q2k values have been measured in 0
+ → 0+ transitions in 58,60,62Ni
but, owing to their high transition energy, can only be observed in pi-decay.
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5.4 Measured E0 Transition Strengths
Using the experimental values of the (E2/M1) mixing ratios and internal conver-
sion coefficients measured in this work, along with other experimental values obtained
from literature [63,107,108], the E0 transition strengths were determined using Monte
Carlo error analysis and displayed in Table 5.3. For transitions where there are two
comparable solutions for the measured (E2/M1) mixing ratios, both values were used
individually to obtain two ρ2(E0) values. If more than one literature value was used to
determine the average value, then it is emboldened and that is the suggested ρ2(E0)
value. The Monte Carlo error analysis to obtain the probability distributions were per-
formed with 108 events with the bin size of the distribution of 0.05 milli-units. For the
construction of the Neyman plots (with the Feldman-Cousin analysis), each vertical
row of the ‘true’ mean value was calculated every 0.001 milli-units.
In Table 5.3 there are four columns for the ρ2(E0) values. These four are the
mode, median and mean of the distribution in addition to the calculated value that
is independent of the distribution and simply uses the central value of the inputs.
In all four of the values the same confidence limits are used from the distribution,
which is independent of the chosen estimator. The mode would typically be the same
as the calculated value but as the Monte Carlo code forbids unphysical input values
(e.g. if a random value of -0.1 ps is chosen for the half-life) then the distribution is
slightly altered. It is somewhat subjective as to whether the median or the mean is
the best estimator of the distribution. As the median is generally closer to the mode
and calculated values, and because there is one instance of the mean lying outside the
confidence limits, the median is chosen as the estimator of the distribution.
In 58Ni many of the calculated E0 strengths are negative, as the K conversion
coefficient is less than the theoretical M1 + E2 value. The error in the coefficient is
quite large and a wide distribution is produced, resulting in the upper limits which
are determined from the Feldman-Cousins ordering principle described in Section 4.5.
The central value of the 2+2 → 2+1 transition is also quite large but this is one of the
inseparable transitions discussed in Section 5.3. In 60Ni there is an upper limit on the
2285 keV 0+2 → 0+1 transition because the half-life of the parent state has only a lower
limit of 1.5 ps [63].
The contributions to the errors in each of the E0 strengths listed in Table 5.3 are
shown in Figure 5.9, split into a number of categories including half-life and detector
efficiency. The values are obtained by repeating the Monte Carlo simulations for each
input, and setting the uncertainty on the other inputs to be 0. From the resultant
distribution, the confidence limits are remeasured and normalized to the total ρ2(E0)
uncertainty. It is clear that the low number of accumulated electron counts in the
‘Miel’ detector is the primary source of the large uncertainty in the ρ2(E0) values.
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Figure 5.9: The contribution of errors for each experimental ρ2(E0) measurement, split
into a number of categories. The contributions are determined by repeating the Monte Carlo
simulation for each input value whilst setting the error on the other inputs to 0.
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A summary of the experimental E0 transition strengths measured in this work
is displayed, along with the previous experimental data, in Figure 5.10. The values
obtained in this work are compared to other E0 transition strengths across the chart
in Figure 5.11, where the full data points are J+2 → J+1 transitions whilst the open
data points are J+i → J+f transitions, where i and f are not 2 and 1. It can be clearly
seen that the E0 transitions in these stable Ni isotopes have considerable strength and
are amongst the largest measured. A large E0 transition strength can either mean
that there is a large amount of mixing between the two states, or there is a large
deformation/charge radius difference. In Section 5.4 it was shown how the two are
related in 62Ni, and how information on the intrinsic states may be deduced. Even
when there is maximum mixing, there is a significant deformation difference between
two low-lying states (i.e. there is good evidence for shape coexistence that has not
previously been explored in the stable Ni isotopes).
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Figure 5.10: The E0 transition strengths determined in this work and previous experiments,
for the stable nickel isotopes 58,60,62Ni.
In Figure 5.12, the experimental E0 transition strengths for 2+ → 2+ transitions
measured in this work, along with the previous experimental data, are shown as a
function of the quadrupole deformation parameter, β2. The full data points are J
+
2 →
J+1 transitions whilst the open data points are other J
+
i → J+f transitions. It does
appear that at low values of β2 (i.e. in near spherical nuclei) there is a low E0 transition
strength. However, the statistics are too low to draw a concrete conclusion. More work
needs to be carried out on measuring E0 transition strengths in 2+ → 2+ transitions.
5.4.1 Two-State Mixing Model
Connections have been made between strong E0 transition strengths and shape
coexistence [1]. In many cases a simple two-state mixing scenario is discussed. The
5.4: Measured E0 Transition Strengths 79
Atomic Mass
0 50 100 150 200
 
(E
0)
3
 
10
×
 2 ρ
2−10
1−10
1
10
210
310
1
+
 0→ 2
+Literature 0 f
+
 0→ i
+Literature 0
1
+
 0→ 2
+This work 0
Atomic Mass
50 100 150 200
 
(E
0)
3
 
10
×
 2 ρ
2−10
1−10
1
10
210
1
+
 2→ 2
+Literature 2 f
+
 2→ i
+Literature 2
1
+
 2→ 2
+This work 2 f
+
 2→ i
+This work 2
Figure 5.11: The experimental E0 transition strengths measured in this work, compared
to all of the known E0 transition strengths published in review papers [1, 5]. The full data
points are J+2 → J+1 transitions whilst the open data points are J+i → J+f transitions, where
i and f are not 2 and 1. The arrows indicate lower or upper limits.
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Figure 5.12: The experimental E0 transition strengths for 2+ → 2+ transitions measured
in this work, compared to all of the known E0 transition strengths published by Wood et
al. [1], as a function of the quadrupole deformation parameter. The full data points are
J+2 → J+1 transitions whilst the open data points are J+i → J+f transitions, where i and f
are not 2 and 1. The arrows indicate lower or upper limits.
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relationship between the mixing strength and the quadrupole deformation difference
between two states can be related by the E0 strength, shown in Equation (2.22). This
is shown in Figure 5.13 for the two J+ → J+ transitions observed in 62Ni. The black
line is the relationship obtained from the central values of the E0 strengths, and the
blue lines are from the 1σ uncertainties. There is not enough information to put a limit
on either the deformation difference or mixing strength. Therefore two situations will
be considered; (i), maximal mixing between the states, and (ii) maximal deformation
difference between the unperturbed states.
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Figure 5.13: The relationship between the mixing strength, quadrupole deformation differ-
ence and the E0 strength for the two transitions in 62Ni. The black line is the central value
and the blue lines are the limits of uncertainty. The red lines correspond to the limit where
a2 = 0.707.
In both cases it is assumed that the second 0+ and 2+ states are part of the same
deformed band and thus, ∆β2 is the same between the 0
+ and 2+ pairs. Figure 5.13
also shows the first case, where there is a maximum amount of mixing between the two
2+ states, i.e. b2 = 0.707, where the subscript 2 corresponds to the spin of the state.
Then ∆β2 = 0.12
+0.02
−0.03 and b0 = 0.51
+0.03
−0.05. The interaction strength and unperturbed
energies are calculated from Equations (2.5) and (2.6), and shown in the left side of
Figure 5.14. As there is maximum mixing between the two 2+ states, the unperturbed
states are degenerate. The interaction strength, V , is shown by the transitional arrows
between the states. The intrinsic unperturbed quadrupole deformation of the ground
state is also calculated as either 0.22(2) or 0.068+0.018−0.014; there are two values because
only the magnitude of the deformation difference is known.
In the second case, which is shown in the right of Figure 5.14, a possible maximum
value of 0.5 is chosen for ∆β2. This corresponds to mixing strengths of b0 = 0.11
+0.02
−0.03
and b2 = 0.13
+0.02
−0.03. As the mixing is minimal the unperturbed energies are similar to
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Figure 5.14: The unperturbed and perturbed low-lying 0+ and 2+ states in 62Ni when (a)
the mixing amplitude between the 2+ states is assumed to be maximum, and (b) when the
deformation difference is chosen to be 0.5. In the first instance, as the mixing is maximum the
unperturbed states are degenerate. The interaction strength, V , is shown by the transitional
arrows.
the perturbed energies. Though the two-state mixing model is a simple model, Figure
5.14 shows reasonable limits on the unperturbed low-energy structure of 62Ni.
5.4.2 Shell Model Calculations
Shell model calculations were performed for 58,60,62Ni with the NuShellX@MSU
code [114]. In each case, a 40Ca core was used so the calculations were performed in
the fp model space (i.e. the 0f7/2, 0f5/2, 1p3/2 and 1p1/2 orbits). The g9/2 orbit was
excluded and restrictions were placed on the number of nucleons that are allowed to
excite from each subshell; only 4 protons and 6 neutrons were allowed to excite from
the 0f7/2 subshell. Calculations with a number of interactions were performed but the
focus of this discussion is placed on the GX1A interaction.
As the strength of an E0 transition is directly proportional to the change in the
spatial distribution of the nucleons, the single particle radii for each of the Ni isotopes
were calculated and are shown in Table 5.4 for protons and Table 5.5 for neutrons.
Three potentials were used for the calculations including the simple harmonic oscillator
(SHO), the Woods-Saxon and Skyrme potential with parameter set Skx [115]. When
the SHO potential is used, the single particle radii are equal for all orbitals within
each major oscillator shell. The result of this is, of course, that all E0 matrix elements
vanish and therefore, this potential cannot be used to calculate E0 transition strengths.
With the other potentials the calculated one-body transition densities may be coupled
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58Ni 60Ni 62Ni
Shell SHO WS Skx SHO WS Skx SHO WS Skx
0s1/2 2.5 2.716 2.623 2.512 2.727 2.586 2.523 2.739 2.636
0p3/2 3.228 3.331 3.274 3.243 3.342 3.279 3.258 3.354 3.321
0p1/2 3.228 3.281 3.169 3.243 3.289 3.199 3.258 3.299 3.235
0d5/2 3.819 3.809 3.774 3.837 3.816 3.789 3.855 3.826 3.825
0d3/2 3.819 3.801 3.694 3.837 3.799 3.732 3.855 3.8 3.752
1s1/2 3.819 3.759 3.711 3.837 3.748 3.696 3.855 3.741 3.712
0f7/2 4.331 4.242 4.16 4.351 4.24 4.177 4.371 4.242 4.204
0f5/2 4.331 4.394 4.258 4.351 4.36 4.268 4.371 4.336 4.256
1p3/2 4.331 4.493 4.179 4.351 4.432 4.15 4.371 4.387 4.123
1p1/2 4.331 4.646 4.359 4.351 4.563 4.317 4.371 4.502 4.272
0g9/2 4.788 0 4.428 4.81 0 4.485 4.832 4.681 4.546
0g7/2 4.788 0 4.321 4.81 0 4.395 4.832 0 4.455
1d5/2 4.788 0 4.436 4.81 0 4.498 4.832 0 4.538
1d3/2 4.788 0 4.5 4.81 0 4.56 4.832 0 4.603
2s1/2 4.787 0 4.655 4.81 0 4.703 4.832 0 4.751
Table 5.4: Proton single particle radii for each of the Ni isotopes calculated with
NuShellX@MSU [114]. The radii are calculated with three different potentials; the sim-
ple harmonic oscillator (SHO), Woods-Saxon (WS) and Skyrme with the Skx parameter set
(Skx) [115].
with the radii in order to calculate ρ2(E0) values, similar to the calculation of B(E2)
strengths. It is well known that the truncation introduced by the restriction of the
shell model space necessary to perform the diagonalization makes it necessary to apply
an effective charge in the calculation of B(E2) transition strengths. However, whilst
effective charges of 1.5 e and 0.5 e are used respectively for the protons and neutrons
to reproduce experimental B(E2) values, equivalent effective charges of 10 to 50 e are
necessary to reproduce experimental ρ2(E0) values (depending on the interaction and
potential used). An example of this is shown in Figure 5.15 for the results in 62Ni,
where bands are constructed for each experimental J+2 → J+1 transition showing the
effective charges required to reproduce the experimental value. The GX1A interaction
and Skyrme potential with parameter set Skx [115] are also used for this calculation.
These unreasonably large effective charges make it obvious that the essential physics
involved in E0 transitions is not being represented in this simplistic treatment that
works for E2 transitions.
A new microscopic model for E0 transitions was recently proposed by Brown
et al. [116]. The model takes the orbital occupations obtained from a configuration-
interaction shell model, an example of which is shown in Table 5.6, and uses them
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58Ni 60Ni 62Ni
Shell SHO WS Skx SHO WS Skx SHO WS Skx
0s1/2 2.5 2.65 2.703 2.512 2.68 2.8 2.523 2.709 2.802
0p3/2 3.228 3.265 3.282 3.243 3.297 3.335 3.258 3.329 3.365
0p1/2 3.228 3.213 3.18 3.243 3.244 3.261 3.258 3.273 3.282
0d5/2 3.819 3.739 3.732 3.837 3.773 3.754 3.855 3.806 3.799
0d3/2 3.819 3.718 3.645 3.837 3.748 3.694 3.855 3.778 3.724
1s1/2 3.819 3.675 3.624 3.837 3.701 3.614 3.855 3.727 3.649
0f7/2 4.331 4.161 4.095 4.351 4.195 4.109 4.371 4.228 4.161
0f5/2 4.331 4.265 4.141 4.351 4.294 4.167 4.371 4.323 4.201
1p3/2 4.331 4.328 4.083 4.351 4.357 4.138 4.371 4.387 4.164
1p1/2 4.331 4.444 4.229 4.351 4.475 4.296 4.371 4.504 4.321
0g9/2 4.788 4.615 4.435 4.81 4.648 4.453 4.832 4.68 4.504
0g7/2 4.788 0 4.626 4.81 0 4.65 4.832 0 4.692
1d5/2 4.788 5.518 5.401 4.81 5.576 5.501 4.832 5.633 5.471
1d3/2 4.788 6.411 6.038 4.81 6.559 6.109 4.832 6.716 6.143
2s1/2 4.787 6.423 10.191 4.81 6.538 10.627 4.832 6.651 9.64
0h11/2 5.205 0 4.804 5.42 0 4.832 5.445 0 4.887
0h9/2 0 0 4.519 0 0 4.538 0 0 4.583
Table 5.5: Neutron single particle radii for each of the Ni isotopes calculated with
NuShellX@MSU [114]. The radii are calculated with three different potentials; the sim-
ple harmonic oscillator (SHO), Woods-Saxon (WS) and Skyrme with the Skx parameter set
(Skx) [115].
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Jpii Ei Protons Neutrons
0f7/2 1p3/2 0f5/2 1p1/2
∑
0f7/2 1p3/2 0f5/2 1p1/2
∑
58Ni 0+1 0 7.43 0.36 0.15 0.06 0.57 7.68 1.41 0.72 0.19 2.32
2+1 1483 7.34 0.45 0.15 0.06 0.66 7.66 1.56 0.53 0.25 2.34
2+2 2684 7.3 0.46 0.17 0.06 0.69 7.6 1.17 0.85 0.38 2.4
0+2 3004 7.29 0.46 0.19 0.06 0.71 7.57 0.86 1.48 0.1 2.44
2+3 3101 6.86 0.86 0.19 0.09 1.14 7.31 1.61 0.66 0.41 2.68
2+4 3318 7.33 0.45 0.17 0.06 0.68 7.59 1.08 1.22 0.11 2.41
0+3 3487 6.05 1.26 0.39 0.3 1.95 7.44 1.45 0.58 0.53 2.56
0+4 4387 6.62 1.02 0.22 0.14 1.38 7.12 1.59 0.78 0.51 2.88
60Ni 0+1 0 7.33 0.46 0.14 0.07 0.67 7.77 2.34 1.52 0.37 4.23
2+1 1489 7.09 0.67 0.17 0.08 0.92 7.7 1.96 1.84 0.51 4.31
0+2 2166 7.3 0.5 0.14 0.07 0.71 7.75 2.61 1.4 0.23 4.24
2+2 2236 7.04 0.72 0.16 0.08 0.96 7.72 2.15 1.52 0.61 4.28
2+3 2822 7.22 0.57 0.15 0.07 0.79 7.72 2.22 1.47 0.6 4.29
2+4 3285 7.2 0.59 0.15 0.06 0.8 7.76 2.28 1.44 0.51 4.23
0+3 3349 6.42 1.12 0.24 0.21 1.57 7.66 2.2 1.27 0.87 4.34
0+4 3695 6.45 1.05 0.26 0.24 1.55 7.65 2.1 1.33 0.92 4.35
62Ni 0+1 0 7.21 0.59 0.13 0.07 0.79 7.85 2.83 2.59 0.73 6.15
2+1 1170 6.94 0.82 0.15 0.09 1.06 7.81 2.67 2.53 0.99 6.19
0+2 2218 7.07 0.72 0.14 0.06 0.92 7.81 2.4 2.93 0.85 6.18
2+2 2336 7.23 0.58 0.13 0.06 0.77 7.86 2.97 2.38 0.79 6.14
2+3 2871 7.38 0.45 0.12 0.05 0.62 7.85 3 2.5 0.65 6.15
0+3 2977 7.25 0.56 0.14 0.05 0.75 7.77 2.43 3.18 0.62 6.23
2+4 3172 7.36 0.47 0.12 0.05 0.64 7.84 2.75 2.85 0.56 6.16
0+4 3211 7.36 0.48 0.1 0.06 0.64 7.9 3.3 1.39 1.41 6.1
Table 5.6: The orbital occupations for the first four 0+ and 2+ states in each Ni isotope,
calculated with the GX1A interaction, where
∑
is the total occupation outside the 0f7/2
shell, and Ei is the state energy.
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Figure 5.15: The effective charges required to reproduce experimental E0 transition
strengths using NuShellX@MSU [114]. Two bands are constructed for each J+2 → J+1 tran-
sition in 62Ni and thus the overlapping region shows the very large effective charges required
to reproduce the results. The GX1A interaction is used along with the Skyrme potential
with parameter set Skx [115]
to constrain an energy density functional calculation of the transition density which
takes the monopole core polarization into account through the spin-orbit interaction of
the valence nucleons with the core. This core polarization effect is absent in the naive
shell model using effective charges approach discussed previously. The magnitude of
the core polarization correction is dependent on the specific orbitals involved in the
valence nucleon wavefunctions. The largest corrections were suggested to be when there
is a change in the nodal structure of the radial wavefunctions of orbitals involved in the
transition. Using this microscopic model the experimental E0 matrix elements were
reproduced fairly well for a number of 0+ → 0+ transitions across the full mass surface.
In Table 5.7, the experimental E0 matrix elements from this work are shown and, for
58Ni, compared to theoretical values obtained using this new microscopic model and a
Skyrme potential with Skx parameters [115]. This is the first application of this model
to J > 0 E0 transitions. In the only value that is not an upper limit, the experimental
matrix element is orders of magnitude larger than the theoretical value.
An M scheme can be used to study the angular momentum coupling of a multi-
particle system, which is restricted by the Pauli principle i.e. it provides information
on the allowed magnetic substates and total angular momentum values [74]. The M
scheme for a simple representation of 58Ni is shown in Table 5.8, where the two valence
neutrons are only allowed to occupy the 0f5/2 and 1p3/2 orbits. There are three config-
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j1 m1 j2 m2 M J j1 m1 j2 m2 M J
0f5/2 5/2 0f5/2 3/2 4 4 0f5/2 3/2 1p3/2 3/2 3 3
0f5/2 5/2 0f5/2 1/2 3 0f5/2 3/2 1p3/2 1/2 2
0f5/2 5/2 0f5/2 -1/2 2 0f5/2 3/2 1p3/2 -1/2 1
0f5/2 5/2 0f5/2 -3/2 1 0f5/2 3/2 1p3/2 -3/2 0
0f5/2 5/2 0f5/2 -5/2 0 0f5/2 1/2 0f5/2 -1/2 0 0
0f5/2 5/2 1p3/2 3/2 4 4 0f5/2 1/2 1p3/2 3/2 2 2
0f5/2 5/2 1p3/2 1/2 3 0f5/2 1/2 1p3/2 1/2 1
0f5/2 5/2 1p3/2 -1/2 2 0f5/2 1/2 1p3/2 -1/2 0
0f5/2 5/2 1p3/2 -3/2 1 0f5/2 -1/2 1p3/2 3/2 1 1
0f5/2 3/2 0f5/2 1/2 2 2 0f5/2 -1/2 1p3/2 1/2 0
0f5/2 3/2 0f5/2 -1/2 1 0f5/2 -3/2 1p3/2 3/2 0
0f5/2 3/2 0f5/2 -3/2 0 1p3/2 3/2 1p3/2 1/2 2 2
1p3/2 3/2 1p3/2 -1/2 1
1p3/2 3/2 1p3/2 -3/2 0
1p3/2 1/2 1p3/2 -1/2 0 0
Table 5.8: The M scheme for 58Ni where the two valence neutrons are limited to populating
the 0f5/2 and 1p3/2 orbits. It can be seen that there are three possible configurations where
a 2+ state is formed.
urations of angular momentum coupling that result in a 2+ state, which are (0f5/2)
2,
(1p3/2)
2 and (0f5/2) × (1p3/2). In any transition between these three configurations
at least one nucleon changes orbital and thus, changes the spatial distribution of the
radial wavefunction. This change in radial wavefunction is responsible for the largest
core-polarization effects identified by Brown’s microscopic model, but a large core po-
larization does not necessarily mean a large E0 transition strength. The occupation
numbers shown in Table 5.6 indicate that there is far less difference in the shell model
wavefunctions than can be produced in a simple M scheme consideration. This is
potentially one avenue towards accurate calculations of the E0 transition strengths.
Even though the shell model calculations, including the microscopic model, are
unsuccessful in replicating experimental E0 transition strengths, many authors have
performed calculations in order to compare to other experimental results, as highlighted
in Section 1.3. Since the work of Passoja et al. [56] it has been known that core excita-
tions are required to replicate experimental data from the shell model calculations. An
increased core excitation in the wavefunctions of the states involved would be another
potential avenue to accurate calculations of E0 transition strengths.
In this work the calculations have been repeated for these Ni isotopes, with a
particular focus on the interaction and restrictions detailed in Chakraborty et al. [73].
For example, using the GX1A interaction the neutron occupancies are calculated for the
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ground states of 58,60,62Ni and shown in Figure 5.16. The shell model calculations are
performed in the fp model space only so the 0g9/2 orbital is excluded. Schiffer et al. [117]
obtained the neutron occupancies experimentally through transfer reactions, which is
shown in the left of Figure 5.16. By comparing the two it can be seen that the occupancy
in the 1p3/2 orbital is consistently over-estimated in these shell model calculations.
In fact, the experimental data show that the orbitals are filled with roughly equal
probability when a neutron pair is added. Though the ground state occupations from
transfer reactions indicate little core excitation, this is not necessarily true for the
excited states. The magnetic moments of the first excited 2+ states in 58,60,62,64Ni were
measured by Kenn et al. [118] and compared with shell model calculations with the
KB3 interaction. It was found that, in order to produce the experimental magnetic
moments, at least five nucleons needed to be excited from the f7/2 orbital i.e. more
core excitation is required.
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Figure 5.16: The neutron occupancies for the ground states of 58,60,62Ni that are
(left) derived experimentally from transfer reactions [117] and (right) calculated with
NuShellX@MSU [114] with the GX1A interaction.
Chapter 6: Conclusion
In this work, the E0 transition strengths between Jpi states were measured for
three of the stable Ni isotopes, 58,60,62Ni. These new values were obtained by mea-
surements of the (E2/M1) mixing ratio and internal conversion coefficients combined
with literature values of parent state lifetimes. In order to calculate the E0 transition
strength accurately, measurements of the (E2/M1) mixing ratio were performed using
angular distributions of γ rays observed in the CEASAR HPGe array at the ANU. The
methodology of measuring these mixing ratios with a χ2 minimization technique is de-
tailed in Section 4.4, and the results are shown in Section 5.1. Four of ten measurements
agree within 1σ of the previously adopted value and three of the measurements provide
the first experimental information on the (E2/M1) mixing ratio. In each transition,
a new average value was calculated using all of the previous literature values and are
detailed in Table 5.1. Using the new average values of δ, the B(E2) and B(M1) values
for these transitions were recalculated, or calculated for the first time, and shown in
Section 5.2. Many of the mixing ratios have two possible values; one is generally large
meaning there is a large E2 component whilst the other is approximately zero i.e. there
is no E2 component.
The Super-e setup at the ANU was used to measure the electron-γ branching
ratios, or internal conversion coefficients, of J+ → J+ transitions. These measured
branching ratios, along with the previously measured (E2/M1) mixing ratios and
other experimental properties, were used as an input in calculating the E0 transi-
tion strengths via Monte Carlo error analysis. The methodology of performing the
simulations and determining the confidence limits of the measurement is detailed in
Section 4.5, and the results are shown in Section 5.4. The E0 transition strengths are
consistently large in all three of the Ni isotopes studied, particularly in the 2+2 → 2+1
transitions. However, there is a large amount of uncertainty in the values, which is
predominantly from the low statistics in the electron peaks. This research highlights
the need for longer experimental times when measuring E0 transition strengths.
In Section 1.3, the interpretation of state energies and B(E2) values in 62Ni were
discussed in the scope of the spherical vibrator model. In this work, for the first time,
an E0 transition strength was measured for the 2+2 → 2+1 transition in this nucleus,
which is forbidden in the spherical vibrator model, giving further evidence that 62Ni is
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not a spherical vibrator.
Comparing the measured ρ2(E0) values obtained in this work to other known
values across the chart (Figures 5.11 and 5.12 in Section 5.4) highlights the significant
E0 strength in these isotopes. This work contains the first reported results for 2+ →
2+ transitions in such light, spherical nuclei when previous research only covers the
lanthanide region where the ground states have significant prolate deformation. In
Section 5.4 it was shown how ρ2(E0), ∆β2 and the mixing parameter a are related in
62Ni, and how information on the intrinsic states may be deduced. The large ρ2(E0)
values obtained for 62Ni suggest the presence of shape coexistence in this isotope, that
has not previously been explored. In 58,60Ni the second 2+ state lies below the second
0+ state (shown in Figure 1.2), therefore it is possibly part of a K = 2+ band. An E0
transition is forbidden in the axially-symmetric rigid rotor model if ∆K = 2, and is
also forbidden in a spherical vibrator model if there is only a change of one phonon.
It appears that there is no known mechanism that describes these large E0 transition
strengths in 58,60Ni.
The failure of the shell model in replicating experimental E0 transition strengths
is highlighted in Section 5.4, as E0 transitions are of a collective, microscopic nature
where the nucleus changes shape. Brown et al. [116] recently suggested a microscopic
model which reproduces experimental E0 transition strengths in 0+ → 0+ transitions
across the chart. However, as shown in Section 5.4, it fails to reproduce 2+ → 2+
transitions. It is possible that there is some angular-momentum-dependent term that
is missing from the microscopic model of higher spin states but there are no obvious
candidates for this missing physics.
This work has focused on three of the four even-even stable Ni isotopes, excluding
64Ni. Attempts were made to populate states in 64Ni through inelastic proton scattering
and Coulomb excitation but were unsuccessful. The (p, n) channel is of significant
strength at the beam energies necessary for the (p, p’) reaction and populates 64Cu,
which decays back to 64Ni through β− decay, causing a large amount of background in
the electron detector. The large background makes it impossible to observe electron
transitions in 64Ni, particularly as there is no gating with γ rays available. A coincident
particle detector would be useful to detect the inelastically scattered proton. This
would then select the (p, p’) channel from the (p, γ) and (p, n) channels. There are
plans to purchase particle detectors suitable for this to be integrated into the CAESAR
and Super-e setups.
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